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Abstract  
There are vast amounts of groundwater extracted in conjunction with mining activities every year. 
Such groundwater, normally brackish and rich in iodine, can be managed with engineered pond 
systems coupled with downstream reverse osmosis (RO) water treatment facilities.  
 
A microalgae biofilm that grows in the pond water was found to contain a significant amount of 
iodine, 350 ± 29 mg kg-1 iodine on a dry basis. This thesis investigated the role that microalgae could 
play on iodine cycling in the ponds, and considered potential stabilization strategies for the 
microalgae if they were to be harvested from the ponds, with the view of converting waste microalgae 
into an iodine-rich fertilizer. 
    
Cultivation of the microalgae biofilm in extracted groundwater was carried out at bench scale. A new 
method was developed to quantify the fixed film growth. In parallel, iodine release from the iodine-
rich microalgae biofilm kept in the dark was monitored. Iodine uptake and release were found to be 
proportional to algal growth and decay, with the maximum net growth rate and specific decay rate 
being 0.53 ± 0.05 g m-2 d-1 and 0.12 ± 0.02 d-1 respectively. 
  
Iodine uptake and release in an engineered groundwater holding pond (1 m3: 1 m2 × 1 m) was 
simulated. The results indicated that bioaccumulation could cause non-steady state conditions in such 
ponds, leading to accumulation of iodine in the pond.  In extreme circumstances decay events could 
elevate iodine concentrations to problematic levels. 
 
The harvested microalgae were stabilized by composting and digestion, respectively. A high degree 
of organic matter degradation was achieved during both composting and (aerobic and anaerobic) 
digestion. The study found algal composts were very stable, but composting hardly proceeded if the 
harvested microalgae were not pre-treated by washing to reduce salinity. 
  
In aerobic and anaerobic digestions, where microalgae stabilization proceeded after minimal rinsing, 
the mobilization of iodine was studied. The mobilization of iodine was found to be linearly correlated 
to carbon emission under both aerobic and anaerobic conditions which indicated iodine was probably 
in the form of organoiodine in the microalgae biofilm. By the end of the stabilizations, there was 0.22 
± 0.05 and 0.19 ± 0.01 mg g-1 VSadded iodine remaining in the solid phase in the aerobic and anaerobic 
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processed material respectively, meaning 38 ± 5.0 % (aerobic) and 50 ± 8.6 % (anaerobic) of the total 
iodine were mobilized, and consequently lost from the material. The results showed that aerobic 
digestion residues were of higher iodine content and lower heavy metals, while anaerobic digestion 
residues were of lower iodine content and higher heavy metals. But the anaerobic process was still 
attractive because of the considerable amount of bioenergy that could be recovered. 
 
The project represents the start-up of a new research activity in the School of Chemical Engineering 
at UQ, and as such involved substantial method development. The project was sponsored by APLNG. 
The outcomes are directly relevant for management of algae in APLNG’s engineered holding ponds.  
But significantly, the outcomes have broader relevance for natural and engineered aquatic systems in 
which algal blooms occur. This thesis shows that biomass growth and retention in such systems can 
cause significant accumulation of elements that algae take up and store (e.g. phosphorus, metals and 
silicon as well as iodine), and that decay events can then result in a spike in the concentration of such 
elements. Harvesting biomass mitigates this, and opens the door for the development of a new 
resource, namely a biofertilizer. 
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Chapter 1 
Introduction  
 
1.1. Background 
 
Pond derived algae may cause potential problematic iodine levels in pond  
 
Vast amounts of groundwater are often extracted in conjunction with mining activities. For the 
development of coal seam gas fields in Queensland for example, 50 – 100 GL of groundwater is 
extracted annually. The water is alkaline and brackish, with the halides Cl-, I- and Br- notably 
prevalent. The water is typically managed with engineered pond systems coupled with downstream 
reverse osmosis (RO) water treatment facilities (Averina et al., 2008) (Fig. 1.1).  
 
 
 
Fig. 1. 1 Schematic of a typically designed engineering holding pond for groundwater storage. 
 
Normally, An RO process can reject more than 95 % of most ions. But for some halide ions, like 
iodide, RO rejection rate is relatively low: typical iodide rejection for a single stage RO process is 
85%  (Watson et al., 2012). Considering a 1:3 reject/flux ratio, pond iodide content exceeding 2.5 mg 
L-1 would result in problematic iodine levels in treated water (> 0.5 mg L-1) (NHMRC, 2011). 
Considering the characteristics of halogens, the existence of elevated iodide might indicate a notable 
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level of other halogens (e.g. bromine) as well. Even very low amounts of bromide in the permeate 
can be a potential risk because of bromide’s toxic derivatives (e.g. guideline values: Bromate < 0.02 
mg L-1; Methyl bromide <0.0001 mg L-1) (NHMRC, 2011). 
 
There are many factors that can affect iodine concentration in a groundwater pond system. Some 
physical and chemical factors include source water iodine level, evaporation rate and water retention 
time. Long-term studies show that the effects of biological activities on pond iodine level should also 
be considered. For example, Gilfedder et al. (2008) showed that organoiodine accounted for more 
than 85% of the total iodine in a headwater lake (Mummelsee, Northern Black Forest, Germany).  
 
Microalgae naturally accumulate in groundwater holding ponds if algae are not extracted from the 
pond systems (Fig. 1.1), which is often the case because removing algae would require additional 
organic waste management processes. Researchers have reported that bacteria and microalgae have 
the ability to accumulate intracellular iodine (Amachi et al., 2005a; Mosulishvili et al., 2002; 
Niedobova et al., 2005). Such findings indicate microalgae are potentially a significant and ever 
increasing organic iodine pool in terrestrial aquatic systems. If this is the case, additional management 
strategies for the algae may be required to mitigate the risks associated with accumulating iodine-rich 
algae in the ponds.  
 
Waste microalgae stabilization is in demand 
 
A strategy to avoid problematic iodine levels resulting from the breakdown of algae is to harvest the 
algae periodically from the pond. Considering the productivity of microalgae can be high (Chisti, 
2007), large amounts of organic waste would need to be stabilized to prevent adverse environmental 
effects (Han et al., 2014). Stabilization of organic waste can be categorised as aerobic and anaerobic. 
For algae stabilization, the studies on anaerobic digestion were mostly documented in the recent 
decade as focussing on the production of methane and bioenergy recovery (Rittmann, 2008). Aerobic 
stabilization can be further divided into composting and aerobic digestion. Reports on composting 
algae are far more numerous than those on aerobic algae digestion. This is probably owing to 
composting being simple and easy to operate (Han et al., 2014). Additionally, nearly all previous 
studies have focussed on macro- rather than microalgae.  There are no studies focused on iodine in 
algae stabilization.  
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Harvesting and stabilising microalgae to mitigate iodine spikes in the ponds 
 
This thesis firstly aimed to investigate the role that microalgae play in a groundwater pond system 
from a biological iodine cycling point of view. Then organic waste degradation experiments were 
carried out providing information on optional strategies for managing the algae if they were to be 
harvested from the pond.   
 
1.2. Thesis objectives 
 
Objective I - Understand the role that microalgae play in iodine cycling in engineered groundwater 
holding ponds: 
 
1) Quantify iodine content in microalgae from groundwater; 
 
2) Quantify kinetic characteristics of iodine uptake and release associated with microalgae in 
groundwater; 
 
3) Model long term effects of microalgae on iodine level in an engineered groundwater pond 
system. 
 
Objective II - Investigate potential stabilization strategies for managing waste microalgae: 
   
1) Compare the performance of different stabilization processes to stabilise  waste microalgae 
harvested from groundwater; 
 
2) Study the mobilization of iodine during waste microalgae stabilization; 
 
3) Examine stabilization processes aimed on producing a potentially valuable iodine-rich algal 
fertilizer for plant biofortification. 
 
 
 
 Page 4 
 
1.3. Thesis organization 
 
This thesis is structured into five chapters. This chapter provides a brief background and context for 
the study. It identifies the two main research objectives for the thesis. 
 
The second chapter reviews the works that previous researchers have done relevant to the objectives 
set in Chapter 1. The chapter provides detailed evidence of the knowledge gaps and significance of 
the research objectives.  
 
Chapter 3 describes the research approach and strategies that applied in this thesis. It includes 
experimental design and related analytical methods.  
 
The main research outcomes are collated in the fourth chapter. Each specific point from the two 
research objectives mentioned in the previous section is addressed. 
 
The fifth chapter draws together the findings of the thesis, in the context of the existing knowledge 
presented in chapter 2. The specific research objectives are addressed and potential for future studies 
is prospected.   
 
 
Copies of these papers are included the following appendices: 
 
Appendix A: Paper 1- Composting of waste algae: A review. Waste Management 
 
Appendix B: Paper 2- Cycling of iodine by microalgae: iodine uptake and release by a microalgae 
biofilm in a groundwater holding pond. Ecological Engineering 
 
Appendix C: Paper 3- Stabilization of microalgae: iodine mobilization under aerobic and anaerobic 
conditions. Bioresource Technology 
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Chapter 2 
Literature Review 
 
For the purpose of understanding the role that microalgae play in iodine cycling in groundwater pond 
systems, the knowledge about algae and iodine was reviewed and is summarized in this section. 
Firstly the iodine content of macro- and microalgae species was considered. Such information helps 
identify the significance of the organoiodine pool. Secondly, the current reported mechanisms of 
iodine uptake and release were reviewed. Thirdly, the current opinions on biological iodine cycling 
in water environments were investigated, which helps identify the need for further understanding 
about the effects of microalgae on iodine level in terrestrial aquatic systems.  
 
2.1. Algae 
 
Algae are a diverse group of uni- and multicellular organisms which can live by photoautotrophic. A 
general definition for algae is biomass that “Algae have chlorophyll as primary photosynthetic 
pigment and lack a sterile covering of cells” (Lee, 2008). They are essentially biological solar panels 
that fix CO2 for growth and the production of intracellular storage compounds (Chisti, 2007). These 
characteristics determine the role of algae in water environments. They are the primary producers in 
aquatic eco-systems. They produce biomass and cycle inorganic nutrients. (Lee, 2008).  
 
Classified by morphology, there are microalgae and macroalgae. Microalgae are microscopic 
unicellular species that can be found in almost all aquatic systems (Thurman & Burton, 1997). 
Normally they are fast-growing, with strong environmental adaptability and the ability to produce 
valuable intracellular compounds (Cardozo et al., 2007). For these advantages, microalgae are 
considered as a promising option for CO2 mitigation, bioenergy production and biomass refinery in 
future (Chisti, 2007; Pulz & Gross, 2004). The bottleneck is the lack of cost-effective harvesting 
technology, which has been restricting the commercialization of microalgae production for a long 
time (Chen et al., 2011).   
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Macroalgae (seaweed) are macroscopic, multicellular species that normally live near the seabeds 
(Smith, 1944). Compared with terrestrial plants, they are aquatic plants with lower level cell 
differentiation (Kupper et al., 2011; Verhaeghe et al., 2008). The history of macroalgae application 
is long and it is now estimated that the global utilisation of macroalgae is a multibillion dollar industry. 
Many macroalgae have been farmed for food or the production of agar (Smit, 2004). Meanwhile, 
macroalgae were also successfully applied in biomedicine production and for bioremediation 
(Mazarrasa et al., 2014; Smit, 2004). Even though the growth rates of most macroalgae are not 
comparable to some microalgae species (Raven & Hurd, 2012), macroalgae are still considered as a 
possible option for reducing CO2 emission and producing bioenergy, as they are of much faster 
growth rates than terrestrial plants and more readily harvestable then microalgae (Kraan, 2013).  
 
On the other hand, uncontrolled growth of algae in natural and engineered environments can be a 
serious concern (Han et al., 2014). For example, water body eutrophication can cause excessive 
growth of green macroalgae. These “green-tides” can block port channels or occupy recreational 
beach areas (Eyras et al., 1998; Liu et al., 2009). Problems can also result from excessive growth of 
microalgae. The blooming of blue-green algae in freshwater lakes can clog the intakes at municipal 
waterworks and interrupt domestic and industrial water supply (Pu & Yan, 1998). There may be more 
severe consequences from such events when the blue-green algae decay in-situ. Their decay may 
result in release of intracellular components and toxins, causing elevated levels of contaminants in 
the water (O'Neil et al., 2012; Smith, 2003).  
 
In summary, algae are large group of fast growing photoautotrophs. The biomass is a valuable 
resource: there is growing global interest in the role that algae can play in renewable fuel, food and 
materials generation, but algal biomass in eco-systems needs to be well managed. Uncontrolled, 
excessive growth can cause adverse environmental effects.   
  
2.1.1.  Algae in coal seam gas water 
 
Coal seam gas (CSG) is a form of natural gas from coal seams. In CSG production, to extract the 
methane from coal seams, ground water (CSG water) is first taken out. Typical CSG water is alkaline 
and brackish (Table 2.1). Such water is normally rich in inorganic carbon, with sufficient amount of 
phosphorous and nitrogen for algae derivation. The potential to culture microalgae in CSG water has 
been explored at bench scale by dosing CSG water with key nutrients and vitamins to promote algal 
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growth (Buchanan et al., 2013; Hamawand et al., 2014). In practice, the water can be enriched with 
agricultural wastes full of nutrients to supply the nutrients needed for the algal growth (Aravinthan & 
Harrington, 2014). Microalgae blooms in CSG water ponds have been observed by pond managers.  
 
The attempts to use CSG water for algae cultivation are rare but successful. A key study on mixed-
culture by Buchanan et al. (2013) indicated algae community structure may be a function of CSG 
water chemistry. In that study, specific growth rates of the mixed cultured microalgae were reported 
to be similar to that in open pond systems for algal biomass production. Another key study on pure-
culture of D. tertiolecta with CSG water was carried out by Aravinthan and Harrington (2014). Their 
study showed, in a 3 L volume reactor with 0.2 g (dry weight) inoculation, the dry mass of D. 
tertiolecta doubled in five days. The algae appeared to be growing well in CSG water by consuming 
90% of the total soluble carbon, even under a condition without aeration. Pratt et al. (2009) indicated 
that growing algae in CSG water holding ponds could be an excellent chance for making use of this 
water.  
 
Table 2.1 Characteristics of typical CSG water (Simpson, 2013) 
Parameter Unit CSG water 
Total dissolved solid g L-1 6.3 
pH  9.1 
Total P mg L-1 0.71 
Nitrogen  mg L-1 3.6 
Iodide mg L-1 2.6 
Bromide mg L-1 7.8 
Chloride  mg L-1 2410 
Total alkalinity as CaCO3 mg L
-1 1970 
Na mg L-1 2680 
K  mg L-1 16 
Ca  mg L-1 11 
Mg  mg L-1 2.5 
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2.2. Iodine in algae 
 
2.2.1.  Iodine content 
 
The elemental iodine was first isolated from kelp 200 years ago (Courtois, 1813). The accumulation 
of intracellular iodine in algae has been widely reported (Chance et al., 2009; El Din & El-Sherif, 
2012; Gupta & Abu-Ghannam, 2011; Hou et al., 1997; Hou et al., 2000; Leblanc et al., 2006b; 
Verhaeghe et al., 2008). Most of these reports focus on macroalgae (Table 2.1). Within all the reported 
macroalgae species, seaweed kelp (Laminaria sp.) is one of the highest iodine accumulators. Recently 
the biological significance of iodine accumulation in kelps was revealed. X-ray absorption 
spectroscopy showed that the accumulated form of intracellular iodine is inorganic iodide. The 
accumulation of iodide in seaweed kelp tissue is achieved by absorption where iodide is utilised by 
kelp as an inorganic antioxidant (Kupper et al., 2008). 
  
Compared with macroalgae, there are relatively few studies about iodine in microalgae. Radioactive 
labelling has been recently used to show that many microalgae species can accumulate iodine (Fukuda 
et al., 2014).  For example, Chlorella sp. can accumulate iodine to a content of 1 300 mg kg-1 
(Niedobova et al., 2005) and  the iodine content in cyanobacteria Spirulina platensis can be as high 
as 2 000 mg kg-1 (Mosulishvili et al., 2002). However, there are no reports that consider the 
contribution of microalgae iodine uptake and release on water quality. 
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Table 1.2 Iodine contents in algae (dry basis, unit: mg kg-1) 
  Macroalgae     Microalgae   
Species I conc. Species I conc. Species I conc.  Species I conc. 
C. prolifera 251 P.palmata 77.3 F. vesiculosus 1200  S. platensis 2000 
C. racemosa 181 P. linearis 43.2 F. serratus 1700  (Mosulishvili et al., 2002) 
C. bursa 213 L. sacharina 6138 F. distichus 600    
H. tuna 88 U. pinnatifida 305.6 L. saccharina 2400  S. platensis 12.4 
U. petiolata 290 H. elongate 116.6 (Obluchinskaya, 2008)  (Romaris-Hortas et al., 2011) 
Udotea sp. 206 U. rigida 65.6      
G. corneum 249 G. Sesquipedale 27.3 Chaetomorpha 360  S. platensis <0.083 
G. verrucosa 248 Sargasso 525.1 C. sertularoide 310  (Romaris-Hortas et al., 2012) 
R. ardissonei 80 (Romaris-Hortas et al., 2011) (Solimabi; Das, 1977)    
C. spinosa 240      Chlorella 100~1300 
D. dichotoma 283 C. antennina 144~1100 C. moniligera 24  (Niedobova et al., 2005) 
D. dichotoma 243 C. linum 68 (Saenko et al., 1978)    
S. hornschuchii 300 C. taxifola 89      
S. vulgare 236 (Serfor-Armah et al., 2000) L. digitata 4000~47000    
(El Din & El-Sherif, 2012)  (Kupper et al., 1998)    
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2.2.2. Mechanisms of iodine uptake and release by algae 
 
Iodine is familiar to many people as an essential element for mammals. Either deficient or excess 
iodine intake can cause severe metabolic diseases  (Stanbury et al., 1998; Vitti et al., 2003). In flora, 
iodine is also a very important component, particularly for many algae species. To date, the 
mechanisms of iodine uptake by algae have been characterised in brown algae (Amachi, 2008b).  The 
characterisation shows the uptake and release of iodine by algae can be related to some critical algae 
life activities.  
 
Antioxidant 
 
The most well-known function of iodine in algae is as inorganic antioxidant. Oxidative stress (H2O2, 
O3, O2
-, 1O2, and HO2) widely exist in the cell wall area due to the presence of O2 produced by 
photosynthesis. The reaction rates of iodide under oxidative stress are much faster than ascorbate and 
glutathione (Farrenkopf et al., 1997), which means the iodide can perform as an effective reducing 
agent for preventing damage to important cellular components caused by oxidative stress (Pompella 
et al., 2003). The uptake of iodide in kelp was found to be mediated by vanadium iodoperoxidase, an 
enzyme binding in the cell wall (Kupper et al., 2013; Kupper et al., 1998). This enzyme was thought 
to be able to help catalyse the oxidation of iodide (by apoplastic H2O2) and iodination of organic 
compounds, which would lead to iodine freely entering into the algae cells in the forms of IO- or 
organic iodo compounds. The IO- would then be reduced to I- and stored in the cells to counter future 
oxidative stress (Kupper et al., 1998). Such a mechanism was recently further demonstrated. By using 
x-ray absorption spectroscopy, Kupper et al. (2008) found that 80% of iodine in Laminaria digitata 
is present in the form of iodide. Verhaeghe et al. (2008) indicated the intracellular iodide is probably 
non-covalently associated with biomolecules in the cell wall and the mucilage of the meristoderm.  
 
Volatile iodocarbons 
 
Volatile iodocarbons are produced and emitted by many species of algae (Amachi, 2008b; Itoh et al., 
1997; Moore & Tokarczyk, 1993). Generally these compounds include CH3I, CH2I2, CHBr2I, and 
C2H5I, with  CH3I being the dominant form (Leblanc et al., 2006a).  
 
The total emission rate of iodine via volatile iodocarbons may be at least three orders of magnitude 
lower than once expected (Kupper et al., 2013). The benefits for algae associated with the production 
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and release of such compounds are still unclear. A possible explanation might be these compounds, 
or their precursors, are produced as anti-bacterial components for some cell defence mechanisms 
(Karlsson et al., 2008). So far, it is hard to conclude the production of volatile iodocarbons is a major 
driving force for iodine uptake by algae, mainly because the detailed production pathways have not 
been quantified. Some suggested metabolic pathways for producing volatile iodocarbons in algae are 
related to methyl transferases and haloperoxidases (Karlsson et al., 2008; van Pée & Unversucht, 
2003). As mentioned before, in Laminaria digitata the vanadium iodoperoxidase mechanism seems 
to be providing quite enough intracellular iodide as substrate for the catalytic reaction (Kupper et al., 
2013).  
 
Osmotic pressure   
 
A recent study proposed a new opinion that the uptake and release of iodine in some kelp species is 
also affected by environmental osmotic pressure. Nitschke and Stengel (2014) observed the iodine 
content in Laminaria digitata raised up from 3 900 mg kg-1 to 14 500 mg kg-1 in 9 days while there 
was a sufficient level (500 mg L-1) of iodide supplied. This increase in iodine content could help the 
kelp tissue by reducing the production of mannitol (a well-known osmolyte) in high saline 
environments (50 g kg
-1). They also observed the Laminaria digitatav retained iodine in high salinity 
(50 g kg
-1) but then rapidly released iodide when exposed in low salinity (20 g kg
-1) (Nitschke & 
Stengel, 2014). Such phenomena had not been described previously.  
 
2.2.3.  Biochemical iodine cycling  
 
Iodine cycling across the marine boundary iodine cycling 
 
Oceans are thought to be the major iodine pool, and so a key domain for the iodine geochemical cycle; 
the iodine content in most terrestrial water systems is lower than in the oceans (Leblanc et al., 2006a). 
Iodine concentration in seawater ranges from about 45 to 75 µg L-1 (Huang et al., 2005). There are 
three major types of iodinated compounds in seawater: iodate (IO3
-), iodide (I-) and dissolved organic 
iodine with iodate and iodide being the dominant species (Wong & Brewer, 1977). Generally, it is 
assumed that almost all the iodine derivatives are formed via biochemical process as there are seldom 
synthetic iodine sources discharged to the natural environment (Whitehead, 1984).  At the boundaries 
of the marine environment including the open water surface and the benthic floor, iodine cycling 
involves the mass transfer of iodine between gas, liquid and solid phase (Fig. 2.1). In the liquid phase, 
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dissolved iodine species are involved in a series of biochemical processes, including uptake by algae 
and bacteria. During the process of vanadium iodoperoxidase mediated iodine uptake (Kupper et al., 
1998), molecular iodine I2 is released. I2 is photolyzed and further oxidized by ozone in the marine 
boundary layer, thereby producing iodine oxides (Kupper et al., 2011). Thus I2 and volatile 
iodocarbons (as mentioned before) are released from seawater into atmosphere. These volatile iodine 
compounds are considered as the major components of iodine emission from the ocean to atmosphere 
(Giese et al., 1999; Moore & Groszko, 1999). Iodine transfers from atmosphere to ground with the 
help of precipitation leading to terrestrial runoff. 
   
Terrestrial aquatic system iodine cycling 
 
The presence of iodine in surface and groundwater has been widely reported (Leybourne & Cameron, 
2006; Schall et al., 1994; Schwehr & Santschi, 2003; Zhang et al., 2011), with the relevant species 
including: iodide, iodate and organically bound iodine. Groundwater fed systems are particularly 
interesting as iodine content can be very high (> 100 000 ug L-1) (Leybourne & Cameron, 2006; Tang 
et al., 2013) compared to the content reported in surface water (0~20 ug L-1) and seawater (20~50 ug 
L-1) (Gilfedder et al., 2006; Korobova, 2010; Whitehead, 1979). There are long-term studies showing 
that iodine content in terrestrial aquatic systems is influenced by the organic iodine pool. For example, 
Gilfedder et al. (2008) observed the total iodine content in the lake water increases with depth. This 
phenomenon was believed to be owing to the release of iodine from the high iodine content (11.8 ± 
1.7 mg kg-1) lake sediments. Besides the organic iodine pool, there are also many other significant 
factors, such as atmospheric deposition, soil sorption and desorption, precipitation and evaporation 
(Abdel-Moati, 1999 ; Gilfedder et al., 2010; Leblanc et al., 2006b). Nevertheless, in some non-steady 
state aquatic environments with relatively large organic iodine pools there is certainly potential for 
biological iodine uptake and release to be a prominent influence on iodine concentration (Gomez-
Jacinto et al., 2012). 
 
Safety issue for human iodine intake 
Iodine is an essential component of the hormones produced by the thyroid gland. However, excessive 
intake of iodine was proved to cause some thyroid disorder diseases like hyperthyroidism, 
hypothyroidism, autoimmune thyroiditis (Galofre et al., 1994; Mizukami et al., 1993; Stanbury et al., 
1998). Also it was reported that there is a close relationship between excessive iodine intake and 
thyroid cancer in some places where high level of iodine was intake by people’s daily diet (Goodman 
et al., 1988; Hrafnkelsson et al., 1988; Ruben Harach & Williams, 1995). Some Iodine derivatives 
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can also be poisonous for human. For example, methyl iodide (CH3I) was reported to cause cerebellar 
lesions and have neurotoxic effects (Fonnum & Lock, 2004). They can react with cerebral glutathione, 
causing depletion in the cerebellum and other organs, which will at the same time decrease the ability 
of these organs to counter oxidative stress (Chamberlain et al., 1998). Another typical toxic iodinated 
derivative is iodoacetic acid (IA). IA is believed to be generated during the disinfection of high iodine 
level water. And it was reported of the highest genotoxicity compared with other water disinfection 
by-products to mammalian cells (Plewa et al., 2004). 
Therefore, there are limits for a safety supply of iodine to human body. They are: 40-80 μg day-1 for 
infants; 100-200 μg day-1 for children; and 260 μg day-1 for adults. (Mensink & Beitz, 2004). And the 
Australia drinking water guideline (2011) has cleared that the concentration of iodide in drinking 
water should not exceed 0.5 mg/L (NHMRC, 2011). 
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Fig. 2. 1 Iodine cycling across the marine boundary (Leblanc et al., 2006a)
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2.3. Algae stabilization 
 
This section reviews studies on waste algae stabilization, with the aim of providing background 
information about potential strategies to manage waste algae harvested from groundwater pond 
systems. Firstly composting is reviewed as one of the most simple and practical processes to stabilize 
waste algae biomass harvested from ecosystems. Then the knowledge about algae digestion is 
presented. Aerobic and anaerobic digestions are other critical options for algae stabilization, with 
methane production during anaerobic digestion being a significant benefit. The potential for stabilized 
waste algae to be used as a source of iodine-rich fertilizer is considered.  
 
2.3.1. Stabilization 
 
Generally, based on the requirements of oxygen, organic waste stabilization can be divided into 
aerobic and anaerobic stabilizations. For aerobic stabilization, composting and aerobic digestion are 
frequently studied. For anaerobic stabilization, studies mainly focused on anaerobic digestion.  
 
Composting  
 
 
Content of this topic is based on my review published in Waste Management: 
Han, W., Clarke, W., & Pratt, S. (2014). Composting of waste algae: A review. Waste Management, 
34(7), 1148-1155. 
 
 
Composting is defined as the biological decomposition and stabilization of organic substrates under 
conditions which allow development of thermophilic temperatures as a result of biologically 
produced heat, with final products sufficiently stable for storage and application to land without 
adverse environmental effects (Polprasert, 1996).  It is an aerobic process whereby organic carbon is 
oxidised to CO2.  
 
Composting has been successfully used at pilot scale to manage waste algae removed from eutrophic 
water environments and the compost product has been applied as a fertilizer. The technology is simple, 
robust and cost effective (Han et al., 2014).  
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Most algal composting has been limited to stabilising macroalgae, particularly seaweed. The focus 
has been on composting material collected from green-tide events, like those listed above. Ulva sp. 
is the most important component of green-tide seaweed (Eyras et al., 2008) and so the stabilization 
of that species has been most widely examined (Cuomo et al., 1995; Maze et al., 1993; Mendo et al., 
2006). The reports on composting microalgae are limited. Some researchers examined the 
degradation of Chlorella cells during composting (Kitano et al., 1998). Nowadays most people’s 
attentions on such high value microalgae species have been shifted to algal biofuel. A few studies on 
blue-green algae composting have been carried out, motivated by large amount of waste blue-algae 
generated from highly eutrophic water environments, e.g., Taihu Lake, China (Jiang et al., 2012; Pu 
& Yan, 1998; Ren et al., 2012; Wang et al., 2009). 
 
Compared with normal organic wastes, algae biomass usually has a low carbon/nitrogen ratio, high 
moisture content and salinity. Such properties affect the quality of the compost products and the 
potential consequences of the stabilization process (Han et al., 2014).   
  
The presence of salts and heavy metals are thought to be issues for composting macroalgae, as they 
may influence the final compost quality while being applied to farmlands (Castaldi et al., 2004; 
Castlehouse et al., 2003; Tang et al., 2010a). Thus co-compost materials that contained less salts and 
metals were widely used for a dilution purpose while composting macroalgae (Cuomo et al., 1995; 
de Guardia et al., 2010a; de Guardia et al., 2010b; Eyras et al., 1998; Maze et al., 1993; Mendo et al., 
2006). In microalgal composting, attention has been paid to microcystins while composting blue-
green algae. Microcystins are a family of toxic and chemical stable cyclic peptides that are produced 
by cyanobacteria (Carmichael, 1992; Dawson, 1998; van Apeldoorn et al., 2007). It was believed the 
residue of such toxic compounds in composts can be problematic, yet recent studies show that more 
than 90% of the microcycstins in blue-green algae can be degraded within 50 days by aerobic 
composting (Jiang et al., 2012; Wang et al., 2009). This is possible owing to the wide existence of 
microcystin-degrading microorganisms in the environment (Dawson, 1998; Kormas & 
Lymperopoulou, 2013). 
 
A recent concern for composting is the carbon footprint (Han et al., 2014). A study on nitrogen 
dynamics during composting of five different types of waste showed that N2O can comprise between 
8.0 and 17.3 % of total nitrogen loss in green algal composting, while there were almost no N2O 
emission in the composting of household waste or food waste (de Guardia et al., 2010b). N2O is a 
well-known greenhouse gas which contributes a global warming potential 280 times higher than CO2. 
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The findings of de Guardia’s et al. (2010b) work seemed to indicate algal composting might have a 
much higher carbon footprint in contrast with composting other organic wastes that have a similar 
organic matter content. 
 
Aerobic digestion  
 
Aerobic digestion refers to keeping biomass in an aerobic environment without external readily 
degradable substrate, so that in time a reduction of the volatile solids concentration is observed, with 
a concurrent consumption of O2 and production of CO2 (van Haandel & Van Der Lubbe, 2007). 
Different from composting, aerobic digestion is conducted in a highly wet liquid-solid mixing 
condition. This concept was originally developed for the reduction of activated sludge post biological 
wastewater treatment, with a principle of sludge self-protoplasm oxidation while exogenous energy 
is limited. 
 
There are large amounts of excess sludge generated from the activated sludge process in wastewater 
treatment plant (WWTP). This sludge needs to be safely disposed of to prevent potential 
environmental risk (Wang et al., 2011). The sludge disposal can contribute 50 ~ 70 % of the total 
operating costs in a WWTP (Zhen et al., 2014). Digestion processes were developed for sludge 
reduction and stabilization (LaPara & Alleman, 1999). Compared with anaerobic digestion, aerobic 
digestion is relatively simple and rapid. These characteristics make the process more applicable in 
medium or small sized WWTPs (Liu et al., 2012).  
 
Aerobic digestion has also been successfully applied in the stabilization of many other high water 
content organic wastes, e.g. swine waste, farm slurry, and kitchen wastes (Juteau, 2006; Mohaibes & 
Heinonen-Tanski, 2004). When the process is run at thermophilic conditions, the stabilization can be 
very fast, even comparable to composting (LaPara & Alleman, 1999; Yuan et al., 2014).  Currently 
there are no reports on aerobic digestion of microalgae, but co-stabilization of waste algae and 
activated sludge under aerobic conditions (Moen et al., 1997; Nogales et al., 2012) has been trialled. 
The reports on aerobic digestion of algae are much less than that on composting. A possible reason 
is that the final products of such processes are usually in a solid-liquid mix. Additional dewatering 
processes are in need before the final products can be used as a fertilizer.  
 
Still, the convenience of using aerobic digestion is that the degradation and mobilization of soluble 
components can be easily monitored in liquid phase. Such technology helped researchers to quantify 
the degradation of alginate under aerobic conditions (Moen et al., 1997; Moen & Ostgaard, 1997).  
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Anaerobic digestion  
 
Anaerobic digestion involves the degradation and stabilization of organic materials under anaerobic 
conditions by microbial organisms and leads to the formation of biogas (mainly CO2 & CH4) and 
relatively small quantities of microbial biomass (Chen et al., 2008). Besides the production of 
methane, another benefit of anaerobic digestion is that nutrients can be released which can support 
nutrient recycling (Hidaka et al., 2014).  
 
Owing to the potential for recovery of a considerable amount of energy, anaerobic digestion is a very 
attractive option for managing a wide range of organic wastes (Chen et al., 2008). Anaerobic digestion 
is widely used for sludge digestion in WWTPs. Even though the cost of a anaerobic digestion facility 
is higher than aerobic digestion, it’s still the most important process for sludge stabilization, 
especially in large WWTPs (Liu et al., 2012), because of the potential for biogas production and use. 
It was estimated there were at least 36 000 anaerobic digesters being operated in Europe, treating 
more than 50 % of the sludge generated in WWTPs (Mata-Alvarez et al., 2000). The technology is 
also widely used for the treatment of agriculture wastes. Agriculture wastes represent a much higher 
biogas potential than municipal solid waste and WWTP sludge (Weiland, 2010). The relevant 
agriculture wastes are manure, harvesting residues, and some low-cost fast growing energy crops. 
These wastes can be mixed together and stabilized in the anaerobic digestion facilities on farms 
(Weiland et al., 2009). Such a management of agriculture wastes can prevent the uncontrolled 
leaching of nutrients into the natural environment, while at the same time recover bioenergy.  
 
There have been many studies on the anaerobic digestion of algae. The earliest systematic study was 
carried out on microalgae Chlorella sp. and Scenedesmus sp. by Golueke et al. (1957).  The analysis 
of biogas production was very inconvenient in the early years (without the help of gas 
chromatography). Yet Golueke et al. (1957) still accurately measured the biogas potential of the algae 
(0.17 ~ 0.32 L CH4 g
-1 VSadded) in his study. This methane yield was a moderate value compared with 
values obtained in later studies. So far, studies are showing that the methane yield in microalgae 
anaerobic digestion varies from 0.09 to 0.45 L CH4 g
-1 VSadded, while the theoretical methane yield 
ranges from 0.4 to 0.8 L CH4 g
-1
 VSadded based on the differences in algal elemental composition and 
the degree of  biomass decomposition (Sialve et al., 2009). For macroalgae, the reported methane 
yields are in the range of 0.14 ~ 0.40 L CH4 g
-1 VSadded, which is a similar range to microalgae 
(Murphy et al., 2013). The highest reported CH4 yield is about 50 ~ 80 % of that found in WWTP 
sludge and agriculture wastes (Khalid et al., 2011; Weiland, 2010), indicating the CH4 yields for algae 
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material are relatively low. So far, even though technically feasible, the commercialization of 
anaerobic digestion of algae for biogas production is still not realised due to the high cost of algae 
biomass collection (Milledge et al., 2014).  
 
2.3.2.  Algae fertilizer  
 
The solid residues from algae stabilization are normally rich in nutrients. In this section, they are 
reviewed as a potential valuable product to be used as fertilizer. Generally, for composting, there have 
been comprehensive studies to evaluate algal compost products. For aerobic and anaerobic digestion 
residues, there are reports indicating the digestate of sludge and agriculture wastes had been 
successfully used as fertilizer. Similar studies on algae are relatively rare, with effort instead putting 
into increasing the biogas yields of algae anaerobic digestion for its commercialization. Considering 
some algae biomass can be rich of iodine, a literature exploration on the potential utilization of iodine-
rich algae as fertilizer is carried out at the end of this section.  
 
Algal compost products 
 
One important parameter to evaluate the quality of algal compost products is stability. Stability is 
here by defined as the extent to which readily biodegradable material has decomposed (Gomez et al., 
2006; Iannotti et al., 1993). Current studies indicated that composted macroalgae are highly stable 
materials. Trials have shown the organic content of composted macroalgae is less than 25 % (dry 
mass), compared with typical organic content of above 80 % (dry mass) for home waste and food 
waste composts (de Guardia et al., 2010a). Accordingly, the oxygen uptake rate (OUR) of stabilized 
macroalgae compost is also low, with OUR rates far lower than 500 mg O2/kg OM/h, meaning the 
compost material is highly stable (Gea et al., 2004; Scaglia et al., 2000; Tambone et al., 2004). 
 
Another key parameter that evaluates the quality of algal compost products is maturity. Compost 
maturity is defined as a degree to which compost reaches stable and also with the absence of 
phytotoxic compounds and plant or animal pathogens  (Bernal et al., 1998). In some earlier reports 
on algal composting, the concept “maturity” was not mentioned (Cuomo et al., 1995; Maze et al., 
1993). Phytotoxicity tests have been taken into account in more recent research to examine the 
maturity of algal compost products. Composted macroalgae were proven to be of high quality and 
maturity by the measure of being able to increase the density of plant biomass production (Eyras et 
al., 1998; Mendo et al., 2006). Other researchers had similar findings from the results of germination 
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tests that macroalgae composts can both increase seeds germination rates and average root lengths 
(Castaldi & Melis, 2002; Cocozza et al., 2011; Orquin et al., 2001).  
 
Opportunity for algae iodine fertilizer 
 
Iodine deficiency can lead to serious metabolic disorders, including mental defects, goitre, 
reproductive damage, childhood mortality, and hypothyroidism and hyperthyroidism (Vitti et al., 
2003). It’s a worldwide concern: in 1980 about 60 % of the world’s population were iodine deficient 
(Zimmermann et al., 2008); iodized salt has since been supplemented to our daily diet but still 30 % 
of the world’s population suffered iodine deficiency in 2007 (de Benoist et al., 2008). Additional 
strategies for iodine supplementation have been considered. For example, increasing iodine content 
in eatable plants is proposed as an effective and relatively low cost method for inducing iodine into 
daily diets (Smoleń et al., 2014b; White & Broadley, 2009 ). Increasing iodine in plants - iodine 
biofortification - is facilitated by using iodine-rich fertilizers. By this method many vegetables were 
able to elevate iodine contents to different extents (Weng et al., 2014). Some root and fruit vegetables 
can have a iodine content of several mg kg-1 (dry weight), e.g. carrot: 1 mg kg-1, tomato: 6 mg kg-1, 
soybean: 3.5 mg kg-1 (Dai et al., 2004; Kiferle et al., 2013; Weng et al., 2014). Leaf vegetables tend 
to have relatively higher iodine content during iodine biofortification, e.g. spinach: 65 mg kg-1, celery: 
50 mg kg-1, Chinese cabbage: 80 mg kg-1 (Nkemka & Murto, 2010; Singh & Ajay, 2011). By using 
more targeted fertilization strategies (e.g. foliar fertilization), lettuce leaf can have a iodine content 
as high as 800 mg kg-1 (Smoleń et al., 2014a), which is comparable to that in some high iodine content 
seaweeds (Kupper et al., 2008; Romaris-Hortas et al., 2011). 
 
Stabilized algae are considered as a potential source of good quality organic fertilizer as they 
accumulate nutrients from water environments (Han et al., 2014; Shilton et al., 2012). Currently the 
study of algae fertilizer from an iodine biofortification point of view is seldom considered (Weng et 
al., 2014). A critical study by Weng et al. (2008) indicated that grounded dry kelp mixed with low-
grade diatomite (1 : 1) appeared to be an ideal fertilizer for increasing iodine content in soil and 
improving iodine uptake by plants. Weng’s et al. (2008) study also showed that the ability of soil to 
conserve iodine is limited. The efficiency of iodine absorption by plants needs to be considered when 
applying algae fertilizer with a high iodine content ( > 300 mg kg-1).   
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2.4. Analysis of knowledge gaps 
 
Fig. 2. 2 Analysis of knowledge gaps 
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Chapter 3 
Approach 
 
The research methods of this thesis were separated into two sections, which cover the research 
activities in response to the two research objectives of this project. Section 3.1 describes the strategies 
for understanding the contribution of microalgae to iodine cycling in groundwater. Microalgae were 
harvested from a groundwater fed system for analysis. A reactor was designed to quantify the kinetics 
of microalgae growth and associated iodine uptake. An experiment was also carried out to monitor 
the decay of microalgae and associated iodine release. The potential effects of microalgae on iodine 
cycling were studied by modelling. Section 3.2 details the procedures for waste microalgae 
stabilization under aerobic and anaerobic conditions. Methods to evaluate the stabilization process 
included quantifying the following: organic matter degradation, iodine mobilization, nutrients 
mobilization, heavy metals.  
 
3.1. Contribution of microalgae to iodine cycling 
 
3.1.1.  Analysis of microalgae from groundwater 
 
Cultivation and collection of microalgae from groundwater 
 
Groundwater (contained algae from site) was added to 5 L large glass beakers and supplemented with 
double strength f/2 medium (10 ml 1000 times concentrated stock solution) (Murashige & Skoog, 
1962) which provided sufficient nitrogen (23.3 mg L-1) and phosphorus (2.89 mg L-1) for algae 
cultivation (Table 3.1). The water was bubbled with air at 10 % (v/v) min-1 and illuminated with 
fluorescent light (80 μmol m-2 s-1) at 25 oC (average value for most months on site, 26.7°C at 26.5S 
149E) (Weatherzone, 2015) for 40 days.  
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At the very beginning, two types of microalgae were observed and collected through the cultivation. 
Firstly, a microalgae biofilm that adhered to the walls of the cultivation vessel was obtained. The 
microalgae biofilm was scratched from the beaker walls and harvested with 200 μm pore size mesh 
filtration. The wet biofilm samples were rinsed with distilled water twice. On the other hand, 
suspended microalgae were dominant in some beakers with less biofilm growing. These unicellular 
microalgae were collected by centrifugation at 8000 rpm for 5 min. Both types of microalgae samples 
were kept at 4 oC overnight. The potentials of these algae samples being a possible iodine pool in the 
water environment were examined. The suspended microalgae were not selected in further study due 
to its non-significant iodine content and relatively low occurrence rate during cultivation.  
 
 
Iodine content detection in microalgae samples 
 
For analysing iodine content in algae, wet microalgae samples were dried at 110 oC overnight. 0.2 g 
dry algal powder were digested following a procedure reported by Ródenas de la Rocha et al. (2009). 
After digestion, iodide content in the liquid was measured by a Dionex ICS-3000 Ion 
Chromatography with an AS-18 column.   
 
Microalgae biofilm community structure analysis 
Table 3. 1 Characteristics of ground water   
Parameter Unit  
Ground 
water  
Ground water 
+ medium 
Seawater  
(Turekian, 1968) 
Total dissolved solid g L-1 6.1 6.3 35 
pH  9.1 9.1 8.1 
Total P mg L-1 0.48 2.89 0.088 
Nitrogen ( NH4
+-N + NOx-N) mg L
-1 <0.02 23.3 15.5 
Iodide mg L-1 2.0 2.0 0.064 
Chloride  mg L-1 2360 2360 19400 
Na mg L-1 1940 2005 10800 
K  mg L-1 15.6 15.7 392 
Ca  mg L-1 8.59 8.59 411 
Mg  mg L-1 3.10 3.10 1290 
Al mg L-1 0.023 0.023 0.001 
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Two randomly selected fresh biofilm pieces (0.5 g wet weight) were treated with Thermo Scientific 
GeneJET Genomic DNA purification kits for genomic DNA extraction. To analyse the information 
of community structure, 18S amplicon pyrotag sequencing was carried out by Australian Genome 
Research Facility Ltd (AGRF) with the extracted microalgae biofilm DNA samples. 
 
3.1.2.  Determination of iodine uptake and release kinetic parameters 
 
Iodine uptake by microalgae biofilm 
 
Inoculation 
 
Polyethylene biofilm carriers (4 cm diameter × 2 cm height, equal weight) were placed in 1 L 
measuring cylinders and soaked with groundwater supplemented with double strength f/2 medium. 
The culture was incubated under the same environmental conditions described in Section 3.1.1. After 
about 80 days, the carriers covered with biofilm were removed and placed on a 200 μm pore size 
mesh for drainage. After 20 min of drainage, five carriers with similar wet weight were selected as 
inoculation carriers in the following controlled cultivation. 
 
Biofilm reactor for growth parameter quantification  
 
A new method was developed to quantify phototrophic biofilm growth. Development of the method 
enabled quantification of growth in terms of terms of mass per unit area. The setup for cultivating the 
algal biofilm is shown as Fig. 3.1 Each reactor consisted of a growth surface, consisting of twelve 30 
cm × 0.5 cm diameter PVC tubes that were attached to a single inoculum carrier. This assembly was 
incubated in 0.9 L of extracted groundwater supplemented with 100 ml of double strength f/2 medium, 
all contained in a 1L measuring cylinder. The inoculated carriers each contained about 0.2 g dry 
weight of microalgae biofilm.  The reactors were run at 25 oC, under illumination of 200 μmol m-2 s-
1 with a bubbling rate of 14 ml min-1. Five identical reactors were run under the same conditions in 
parallel. Two reactors were used to quantify biomass growth and the other three were used to quantify 
changes in the liquid phase. 
 
For control experiments (biofilm-free), the same culture liquid was filtered with sterile 0.22 μm pore 
size membrane. Control setups were carried out in triplicate.  
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Fig. 3. 1 Schematic of reactor for microalgae biofilm cultivation and biomass quantification. 
 
Sampling  
 
During cultivation, the growth of the microalgae biofilm was monitored weekly. Biomass was 
sampled from two reactors. Each sampling event from a reactor consisted of removing two randomly 
selected PVC tubes and replacing these with new PVC tubes. i.e., a total of four tubes were harvested 
to characterise biomass at a point in time. The sampled tubes were rinsed with distilled water. Then 
the biofilm was carefully scraped on to pre-weighed filtered paper. The filter paper with the harvested 
biomass was dried at 110 oC overnight. Dry mass was calculated based on the weight differences.  
 
During the study, liquid samples were taken from the other three reactors. Liquid samples were 
filtered with 0.45 µm pore size membrane. Iodide, nitrogen and phosphorus concentrations and pH 
were measured. Liquid samples were also taken from the control experiment. 
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Microalgae decay and associated iodine release 
 
After two months of cultivation, microalgae biofilm was harvested from the 5 L beakers described in 
Section 3.1.1 using 200 μm pore size mesh filtration. The wet algae was rinsed twice with distilled 
water, then resuspended in 0.1 L distilled water in sealed 250 ml Schott bottles. The setup was placed 
in the dark (in triplicate). The initial dry weight of the microalgae biofilm was 6 g L-1. During the 
decay trials, liquid samples were taken after mild shaking of the bottle. Each sample was filtered with 
0.45 µm pore size membrane for analysis. 
 
Liquid sample analysis  
 
Iodide concentration in the liquid was quantified by a Dionex ICS-3000 Ion Chromatography with an 
AS-18 column. Nitrogen and phosphorus content were monitored by Flow Injection Analysis (FIA) 
methodology. 
 
3.1.3.  Modelling simulation of iodine cycling in a groundwater pond 
system 
 
Simulation of the biological iodine pool in a groundwater holding pond 
 
Considering a 1 m2 × 1 m reservoir, which is well mixed for the concentration of the effluent to be 
the same as the concentration in the pond, the following balances can be derived:  
 
The mass of dissolved iodine can be calculated as follows: 
𝑉
𝑑𝐶
𝐼
𝑝𝑜𝑛𝑑(𝑡)
𝑑𝑡
= 𝐹𝑠𝑜𝑢𝑟𝑐𝑒 𝐶𝐼
𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐹𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝐶𝐼
𝑝𝑜𝑛𝑑(𝑡) − 𝑉 𝑟𝑎𝑠𝑠𝑖𝑚                                             Eq. 3.1.1  
 
Where  𝐶
𝐼
𝑠𝑜𝑢𝑟𝑐𝑒, 𝐶
𝐼
𝑝𝑜𝑛𝑑(𝑡) are the iodine (as I-) concentrations in source water and pond water (mg L-
1), Fsource (L d
-1) is the inflow, Feffulent (L
 d-1) is the outflow, and rassim (mg L
-1 d-1) is the rate of short 
time step.  
 
An algae decay event is defined as algal decay and iodine release. During an algae decay event the 
dissolved iodine amount can be modelled as follows: 
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𝑉
𝑑𝐶
𝐼
𝑝𝑜𝑛𝑑(𝑡)
𝑑𝑡
= 𝐹𝑠𝑜𝑢𝑟𝑐𝑒 𝐶𝐼
𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐹𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝐶𝐼
𝑝𝑜𝑛𝑑(𝑡) +  𝑉 𝑟𝑟𝑒𝑙𝑒𝑎𝑠𝑒                                          Eq. 3.1.2 
  
Where rrelease (mg L
-1 d-1) is the rate of iodine released from algae during algae decay.  
 
Growth of the microalgae biofilm and associated reduction in iodine concentration 
 
A modified Gompertz model was used to describe the net growth of the microalgae biofilm which 
happens macroscopically (Gompertz, 1825).  
𝑋(𝑡) =  𝑋𝑚𝑎𝑥 𝑒
−𝑒
 
𝑅𝑚𝑎𝑥 𝑒
𝑋𝑚𝑎𝑥
(𝑡𝑚 – 𝑡)
                                                                                                  Eq. 3.1.3 
 
Where X(t) is the biomass per unit surface area at time t (day). The kinetic constants of the modified 
Gompertz function Xmax (g
 m-2), Rmax (g
 m-2 d-1), tm (day) represent the biomass production potential, 
maximum net biomass production rate and the time of maximum net growth rate.  
 
Iodine uptake is assumed to be proportional to growth:   
𝑟𝑎𝑠𝑠𝑖𝑚   
 = 𝑌 𝑖𝑜𝑑𝑖𝑛𝑒
  𝑋(𝑡)′                                                                                                           Eq. 3.1.4 
 
Where  𝑌 𝑖𝑜𝑑𝑖𝑛𝑒
 
 is the iodine content of the algae (mg
 kg-1). 
 
Decay of the microalgae biofilm and associated iodine release 
 
A modified Gompertz model was also used to fit the iodide concentration during an observed net 
iodine release process in the experiments of current study:  
𝐼(𝑡)  =  𝐼(0)   +  𝐼𝑚𝑎𝑥  𝑒
−𝑒
𝑆𝑟𝑚𝑎𝑥 𝑒
𝐶𝑚𝑎𝑥
(𝑡𝑀 − 𝑡)
                                                                                  Eq. 3.1.5 
 
Where I(t) is the iodide concentration at time t (day). I(0) is the iodide concentration in the matrix 
before release occurred. The kinetic constants of the modified Gompertz function Imax (mg
 L-1), Srmax 
(mg L-1 d-1), tM (day) represent the iodine release potential, maximum net iodine release rate and time 
of maximum iodine release rate. rrelease was calculated by perturbation of I(t) over a sufficiently short 
time step to obtain a converged solution to the rate of the release of I. 
 
Influence of mass transfer on iodine volatilisation 
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Considering volatile iodine can be formed in aquatic systems owing to the oxidation of iodide (mainly 
I2) and microbial activities (mainly CH3I) (Amachi, 2008a), liquid-gas mass transfer can be a driving 
force that strips iodine species out of the aquatic systems. For a specific volatile iodine species, there 
is: 
𝑑𝐼𝑣(𝑡)
𝑑𝑡
= 𝑘𝑙(𝐼𝑣) 𝑎 [𝐼𝑣
∗ −𝐼𝑣(𝑡)]                                                                                             Eq.3.1.6 
 
Where 𝐼𝑣(𝑡) is concentration of the dissolved volatile iodine (mg
 L-1) at time t (day); 𝑘𝑙(𝐼𝑣) (m day
-
1) and a (m-1) are the mass transfer rate of volatile iodine from gas to liquid phase and corresponding 
specific mass transfer area; 𝐼𝑣
∗
 (mg L-1) is the saturation concentration of the dissolved volatile 
iodine in the liquid phase in equilibrium with the volatile iodine in gas phase. Here 𝐼𝑣
∗
 is almost 0 
as the volatile iodine level in atmosphere is essentially zero. Hence Eq.3.1.6 is simplified as  
𝑑𝐼𝑣(𝑡)
𝑑𝑡
= −𝑘𝑙(𝐼𝑣) 𝑎 𝐼𝑣(𝑡)                                                                                                       Eq.3.1.7 
 
In aquatic systems, the following equilibria exists:  
2I- + ½ O2+ 2H
+ ↔ I2 + H2O,  
with thermodynamic equilibria constant K = [I2]/[I
-]2[O2]
1/2[H+]2 (Moyers & Duce, 1972), 
From the above equilibria, if most volatile iodine is only in the form of I2, while temperature, pH and 
dissolved O2 in stable levels, there will be a constant ki which makes:  
𝐼𝑣(𝑡) = 𝑘𝑖  [𝐼(𝑡)]2                                                                                                                Eq. 3.1.8 
 
Therefore, if most volatile iodine is only in the form of I2,  Eq.3.1.6 becomes: 
𝑑𝐼𝑣(𝑡)
𝑑𝑡
= − 𝑘𝑙(𝐼𝑣) 𝑎 𝑘𝑖  [𝐼(𝑡)]2                                                                                              Eq.3.1.9                                                             
   
 
Eq. 3.1.9 is applied to help simulate the iodide content in the batch reactors. 
 
The models (Equations 3.1.1 and 3.1.2) are simulated to assess: 
1. The iodine concentration caused by a decay event after long term (1 year) algae growth 
and iodine assimilation. 
2. The period of accumulation required such that a decay event would cause the iodine 
concentration, post-reverse osmosis treatment, to exceed potable water supply standards. 
Many of the parameters listed in Table 3.2 are based on experimentally measured values presented in 
Chapter 4. Specific references to relevant experiments are included as footnotes to Table 3.2. 
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Table 3. 2 Initial values for the 1 m3 pond. 
Parameter  Description  Initial value Units 
𝐶
𝐼
𝑠𝑜𝑢𝑟𝑐𝑒  Iodine conc. in source water   2.0 mg L-1 
𝐶
𝐼
𝑝𝑜𝑛𝑑
 Iodine conc. in pond water  2.0 mg
 L-1 
V 𝐶
𝐼
𝑝𝑜𝑛𝑑
 Mass of dissolved iodine in pond 2000 mg 
Fsource  Flow rate of source water 40
α L d-1 
Feffluent Flow rate of effluent 40
α L d-1 
t Time  0 d 
H Depth  1 m 
A Pond area 1 m2 
X(t) Total biomass concentration  0.01 g m-2 
𝑟𝑎𝑠𝑠𝑖𝑚
 
𝑌
 𝑖𝑜𝑑𝑖𝑛𝑒
 
 
  
   Growth rate  0.53
β g m-2 d-1 
𝑟𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 
𝑌
 𝑖𝑜𝑑𝑖𝑛𝑒
 /𝑋(𝑡)  
γ
 Specific decay rate 0, 0.12
δ d-1 
𝑌 𝑖𝑜𝑑𝑖𝑛𝑒
    Iodine content of  microalgae biofilm  379 mg kg-1 
α 25 day retention, value usually appeared in actual pond operation.  
β Rmax (Eq. 3.1.3), as measured from growth data (Fig. 4.3a). 
γ Decay rate, D =  
𝑟𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 
𝑌
 𝑖𝑜𝑑𝑖𝑛𝑒
 = d X(t), Specific decay rate, d = D/ X(t) 
δ Specific decay rate observed from decay experiment. Here applied as a high rate decay event, which lasted 20 days and decomposed more than 95% 
of microalgae biofilm in pond 
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3.2. Stabilization of waste algae from groundwater 
 
3.2.1.  Operation of waste microalgae stabilization 
 
Composting 
 
For composting waste microalgae, dry microalgae biofilm samples were mixed with 33 g middle 
grade commercial soil (moisture content 23 %) (from Western Landscape Company, Australia) in a 
240 ml glass reactor. As shown in Fig. 3.2, before each reactor there were two 240 ml glass bottles 
containing saturated NaOH solution (200 ml) and distilled water (200 ml) to ensure a CO2 free and 
water saturated air feed. After the each reactor, there was another 240 ml glass bottle containing 100 
ml NaOH solution (2 mol L-1) for trapping the CO2 from exhaust gas. The four bottles were connected 
by PVC pipes in series for one way ventilation by compressed air with a flow rate at 10 ml min-1. The 
whole composting was carried out in an incubator at 55 oC. The trial of each group was duplicated. 
Detailed set-up conditions are shown in Table 3.3. 
 
 
 
Fig. 3. 2 Schematics of waste algae composting facilities 
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Table 3. 3 Set-up conditions of waste algae composting 
Temp. 55 oC Material 
Water % VS % 
Air sup. 10 ml min-1 Algae (Dried) Soil  Water 
 Washed  3.0 g (0 g NaCl g-1C) 33 g 4 g 29 19.0 
Non-washed  3.9 g (0.9 g NaCl g-1C) 33 g 4 g 29 18.6 
Control 0 33 g 4 g 31 12.4 
 
 
Digestion  
 
Wastewater treatment sludge was the inoculum. For aerobic digestion, activated sludge was obtained 
from the aerobic zone at Luggage Point wastewater treatment plant (LPWWTP), Brisbane, 
Queensland, Australia. For anaerobic digestion, anaerobic sludge was obtained from Digester 6 of 
the same treatment plant. Detailed stabilization conditions are shown as follows: 
 
For aerobic digestion, 30 g wet algae (rinsed), 15 g inoculum and 115 g distilled water were mixed 
in a 240 ml glass reactor. A magnetic stirrer was used for mixing. As shown in Fig. 3.3, input air 
flowed through two 240 ml glass bottles, the first containing saturated NaOH solution (200 ml), the 
second distilled water (200 ml), to ensure a CO2 free and water saturated air feed. After each reactor, 
there was another 240 ml glass bottle containing 100 ml NaOH solution (2 mol L-1) for trapping the 
CO2 from exhaust gas. The four bottles were connected by tygon pipes in series for one way 
ventilation by compressed air. The algae group trial for aerobic digestion was repeated 4 times. The 
negative control, which was duplicated, contained additional water in place of the algae. Detailed set-
up conditions are shown in Table 3.4. 
 
For anaerobic digestion, 30 g wet algae, 70 g inoculum and 60 g distilled water were mixed in 240 
ml glass bottles, which were then sealed with butyl rubber stoppers. Before being sealed, the 
headspace was flushed with nitrogen gas. The algae group trial for anaerobic digestion was also 
repeated 4 times. The group of negative controls (triplicate) contained additional water in place of the 
algae.  
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Fig. 3. 3 Schematics of waste algae digestion set-up
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Table 3. 4 Set-up conditions of waste algae stabilization  
Process Material AG NC Water % VS% 
Temp. 
(oC) 
Air supply 
(ml min-1) 
Aerobic 
digestion 
Algae 30 g 0 91.9 7.8 
25 35 Sludge 15 g 15 g 98.9 0.9 
Distilled 
water 
115 g 145 g 100 0 
 
       
Anaerobic 
digestion 
Algae 30 g 0 91.8 7.8 
37 0 
Sludge 70 g 70 g 97.8 2.1 
Distilled 
water 
60 g 90 g 100 0 
Cellulose 0 0 0 100 
AG: algae group; 
NC: negative control;  
 
 
 
3.2.2.  Monitoring element mobilization during waste microalgae 
stabilization 
 
Composting  
 
Carbon and nitrogen contents in algae before and after composting were analysed by a FLASH 2000 
CHNS/O Analyser. Compositions of gas samples were analysed by Shimadzu GC- 2014 system. For 
analysing CO2 production in composting, the NaOH solutions in the exhaust line were analysed for 
CO2 each time liquid was sampled from the reactors. After each sample, the exhaust gas traps were 
emptied and filled with new NaOH solution. 1 ml NaOH solution from the exhaust gas traps was 
added to a sealed vacuum tube (12.5 ml capacity). Then each vacuum tube was filled with 4 ml H2SO4 
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solutions (4 mol L-1) to ensure release of CO2 from the NaOH under acidic situations. CO2 content 
from the headspace of the vacuum tube was measured by GC.  
 
Digestion  
 
Sampling and sample analysis 
 
Characteristics of solid materials before and after the stabilization were analysed. During the 
stabilization, 1.5 ml liquid sample was taken from each reactor every one or two weeks. Total I, N, P 
and heavy metals were measured in the liquid samples. For aerobic stabilization, the NaOH solutions 
in the exhaust line were analysed for CO2 each time liquid was sampled from the reactors. After each 
sample, the exhaust gas traps were emptied and filled with new NaOH solution. For anaerobic 
stabilization, a 6 ml gas sample from the headspace of each reactor was taken and measured while 
sampling the liquid.  
 
Carbon and nitrogen content of the algae was analysed by a FLASH 2000 CHNS/O Analyser. 
Compositions of gas samples were analysed by a Shimadzu GC-2014. For analysing CO2 produced 
by aerobic stabilization, 1 ml NaOH solution from the exhaust gas traps was added to a sealed vacuum 
tube (12.5 ml capacity). Then each vacuum tube was filled with 4 ml of 4M H2SO4 solution to ensure 
release of CO2 under acidic conditions. The CO2 content of the headspace of the vacuum tube was 
measured by GC.  
 
In the aquatic environment, the species of elemental iodine varies as a function of pH and redox 
conditions (Gottardi, 2001; Herranz et al., 2009). Also, soluble organic iodine compounds may be 
present. So to quantify the total iodine mobilized into the liquid phase, tetramethylammonium 
hydroxide (TMAH) was used to pre-treat the samples to ensure all the iodine species were converted 
to inorganic iodide (Fecher et al., 1998). 0.1 ml of filtered liquid sample was mixed with 0.1 ml 25% 
TMAH solution. The mixture was then heated in a water bath at 90 oC for three hours.  After cooling, 
the liquid samples were then diluted by distilled water to 1 ml and then analysed by a Dionex ICS-
3000 Ion Chromatography system with an AS-18 column. For the detection of iodine content in algae, 
wet biofilm samples were rinsed with distilled water and dried at 110 oC overnight. 0.2 g dry algal 
biofilm solid was digested following a procedure reported by Ródenas de la Rocha et al. (2009). After 
digestion, the iodine content in the liquid was measured by the ion chromatography method. Nitrogen 
and phosphorus content were monitored by Flow Injection Analysis (FIA). 
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Estimation of degradation potential  
 
Algae material consists of rapidly and slowly degradable components (Bai et al., 2014; Eastman & 
Ferguson, 1981), Therefore, a two-substrate model was successfully used to simulate the degradation 
process of algal based organic material (Bai, 2015; Batstone et al., 2009). In this study, a two-substrate 
model was also applied, with production of gas i (i=CH4, CO2) being described as follows:  
𝑌𝑖(𝑡) = 𝑌𝑖, 𝑟𝑎𝑝𝑖𝑑 × (1 − 𝑒
−𝑘𝑟𝑎𝑝𝑖𝑑𝑡) + 𝑌𝑖, 𝑠𝑙𝑜𝑤 × (1 − 𝑒
−𝑘𝑠𝑙𝑜𝑤𝑡)                                              Eq. 3.2.1                                                                           
 
Where 𝑌𝑖(𝑡) is the cumulative yield of a gas i at time t (ml
 g-1 VSadded); 𝑌𝑖, 𝑟𝑎𝑝𝑖𝑑 is the maximum 
potential gas yield from the rapidly degradable substrate (ml g-1 VSadded); krapid is hydrolysis rate 
constant from the degradation of rapidly degradable substrate (d−1); 𝑌𝑖, 𝑠𝑙𝑜𝑤 is the maximum potential 
gas yield from the slowly degradable substrate (ml g-1 VSadded); kslow is hydrolysis rate constant for the 
degradation of slowly degradable substrate (d−1); and t is the time (d). The parameters were obtained 
from data fitting using the SigmaPlot 12.0 software. 
 
The carbon emission in either aerobic or anaerobic stabilization was determined from the sum of 
carbon dioxide and methane production (Aerobic: CO2-C; Anaerobic: CH4-C + CO2-C).  i.e.,  
𝐸(𝑡) = 𝑀𝐶 × ∑ 𝑌𝑖(𝑡)𝑖=𝐶𝐻4,𝐶𝑂2                                                                                                 Eq. 3.2.2 
 
Where 𝐸(𝑡) is the cumulative carbon emission into the gas phase at time t (mg g-1 VSadded); 𝑀𝐶 is the 
molar volumetric concentration of carbon (12/24.5 mg ml-1, 25 oC). 
 
The carbon emission rate was used to determine the stability of organic wastes during a stabilization 
process (Cabañas-Vargas et al., 2005; Kalamdhad et al., 2008). In this study, the carbon emission rate 
was calculated as follows: 
𝐸𝑟𝑎𝑡𝑒(𝑡) = 𝐸(𝑡)′                                                                                                                     Eq. 3.2.3 
 
Where 𝐸𝑟𝑎𝑡𝑒(𝑡) is the carbon emission rate at time t (mg g
-1 VSadded d
-1). 
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3.2.3.  Stabilization products analysis   
 
Preparation of stabilized algae samples and analysis 
 
At the end of the stabilization, the mixture in each reactor was collected. Total COD in each reactor 
was measured. 1 g of the mixture from each reactor was filtered with weighted filter paper and dried 
in 110 oC overnight. The content of total suspended solid was calculated via the differences on weight 
of the filter paper before and after the drying. The stabilized waste algae solids were obtained by 
centrifuging the mixture at 8000 rpm for 5 min. After centrifugation, the supernatant was filtered with 
0.45 μm pore size filter membrane and analysed for total I, N, P and heavy metals, as described in 
Section 3.2.2. The settled pellets were washed twice by distilled water and dried in 110 oC overnight 
for solid sample analysis. The contents of C, I, N, P, metal and metalloids in the prepared stabilized 
solids were measured with the methods mentioned in the Section 3.2.2.  
 
Mass balance calculation  
 
The mass balance of a certain element in the waste microalgae before and after the stabilization was 
calculated with the following equation:  
 
In a closed system, the elemental mass balance is: 
𝑆𝑖𝐶𝑖𝑠(𝑥) + 𝐿𝑖𝐶𝑖𝑙(𝑥) + 𝐺𝑖𝐶𝑖𝑔(𝑥) = 𝑆𝑓𝐶𝑓𝑠(𝑥) + 𝐿𝑓𝐶𝑓𝑙(𝑥) + 𝐺𝑓𝐶𝑓𝑔(𝑥)                                  Eq. 3.2.4                                              
 
Where 𝑆𝑖 , 𝐿𝑖 , 𝑎𝑛𝑑 𝐺𝑖  are the initial mass of solid (dry basis), liquid, and gas phases (kg);   𝑆𝑓,
𝐿𝑓, 𝑎𝑛𝑑 𝐺𝑓  are the final mass of solid (dry basis), liquid, and gas phases (kg);  𝐶𝑖𝑠(𝑥), 𝐶𝑖𝑙(𝑥),
𝑎𝑛𝑑 𝐶𝑖𝑔(𝑥) are the initial concentrations of the element in the solid (dry basis), liquid, and gas phases 
(mg kg-1); and  𝐶𝑓𝑠(𝑥), 𝐶𝑓𝑙(𝑥), 𝑎𝑛𝑑 𝐶𝑓𝑔(𝑥) are the final concentrations in the solid (dry basis), 
liquid, and gas phases (mg kg-1); 
 
In this study, mass balances were carried out in two steps. Firstly, a phosphorus mass balance was 
carried out to determine the actual initial dry solid mass 𝑆𝑖  in each reactor. P content in algae 𝐶𝑖𝑠(𝑃) 
(dry basis) was measured as a highly repeatable value with very small standard deviations. Mass 
balances were then carried out for elemental C, I and N from the algae biomass. The following 
parameters were assumed to be zero: 𝐶𝑖𝑙(𝐶), 𝐶𝑖𝑔(𝐶), 𝐶𝑖𝑔(𝐼), and  𝐶𝑖𝑔(𝑁) (CO2 and N2 from air were 
not considered).  
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Chapter 4 
Summary of outcomes 
 
4.1. Cycling of iodine by microalgae: iodine uptake and 
release by a microalgae biofilm in a groundwater 
holding pond 
 
 
The uptake and release of iodine by an algal biofilm, as well as the modelling of pond iodine content 
as a function of algae growth and decay is presented in my submitted manuscript. The text from the 
manuscript is embedded in the thesis (Appendix B),  and is supplemented with additional unpublished 
results. 
Han, W., Clarke, W., & Pratt, S. (2014). Cycling of iodine by microalgae: iodine uptake and release 
by a microalgae biofilm in a groundwater holding pond. Ecological Engineering. (Under review) 
 
4.1.1. Iodine in microalgae grown in groundwater  
 
The morphology of the algal biofilm is shown in Fig. 4.1, with Fig. 4.1b showing the microalgae 
biofilm to be a highly complex community of organisms. The algal biofilm is characterised as a mat 
of green filamentous organisms with isolated cells of different morphologies mixed within the mat. 
Microalgae biofilms can remove a variety of pollutants from water, including organics, nutrients and 
heavy metals (Boelee et al., 2014; Chen et al., 2009; Tien et al., 2009; Welch et al., 1992). Removal 
is likely the co-effect of intracellular accumulation and some biochemical reactions that take place 
within the complex community.   
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Fig. 4. 1 Photos of the microalgae biofilm grown in groundwater. 
a: attached growth of microalgae biofilm; b: microscope observation of the biofilm. 
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The algal biofilm was found to have an iodine content of 350 ± 29 mg kg-1 (Table 4.1). This was a 
repeatable value range obtained via multi-times detection of samples from the general cultivation 
beakers (Section 3.1.1). However, during the trials for growth rate quantification, the iodine content 
turned to be a lower level (187.3 mg kg-1 ) when the algal biofilm grew on the polyethylene (PE) 
carriers and became even lower (128.6 ± 21 mg kg-1) after the 57 days growth on the polyvinyl 
chloride (PVC) tubes. A possible explanation could be due to the change of attached material. There 
were studies showing the affinity of petrochemical polymers (polyester, acrylic) for algal biofilm 
growth was less ideal than natural polymers (cotton, jute.) (Christenson & Sims, 2012).  
 
Iodine content in the algal biofilm was comparable to that of many macroalgae species (Table 4.1). 
And it was 20 times higher than that in suspended microalgae species that grow in the same 
groundwater (18 ± 9 mg kg-1). This was probably owing to the algal biofilm has a much more 
complicated community structure than the suspended microalgae. The ability to accumulate 
significant iodine could be a result from the symbiosis of various algae and bacteria sourced from the 
groundwater. In our long-term lab observation, the significant appearance of these suspended 
microalgae only temperately happened in the early stage of the cultivation while there was almost no 
biofilm exist. In each culture beaker with the groundwater, considerable amount of microalgae 
biofilm can form eventually along with the disappearance of most suspended microalgae. Compared 
with the low iodine content of the suspended microalgae, the microalgae biofilm is more likely to be 
a potential organic iodine pool in the aquatic environment. Thus the following systematic study on 
the microalgae biofilm proceeded.  
 
Table 4. 1 Iodine content of different algal material. 
Algae  
Iodine content  
(mg kg-1) 
Source  
Algal biofilm [decay trials (day 0)]  350 ± 29 This study 
Algal biofilm [growth trials (day 0)] 187.3 This study 
Algal biofilm [growth trials (day 57)] 128.6 ± 21 This study 
Suspended microalgae 18 ± 9 This study 
Undaria pinnatifida 305.6 
(Romaris-Hortas et al., 
2011) 
Caulerpa sertularoide 310 (Solimabi; Das, 1977) 
C. prolifera   251 
(El Din & El-Sherif, 
2012) 
 Page 40 
 
 
 
Total genomic DNA was extracted from two randomly selected microalgae biofilm samples and 
sequenced. In the 18S amplicon pyrotag sequencing results, 702 different genera were identified.  The 
genera with more than 1 % of the total community abundance are shown in Fig. 4.2. In Fig. 4.2, we 
can see dominant genera from Chloroflexi, Proteobacteria, Spirochaetes, Firmicutes, and 
Cyanobacteria. These phyla were reported ubiquitous bacterial groups that exist in a wide range of 
natural and artificial eco-systems (Hugenholtz et al., 1998).  
 
The sequencing results indicated that the microalgae biofilm was a complicated microbial symbiotic 
ecosystem. There were primary producers, such as Chloroflexi and Cyanobacteria. One of the 
dominant phylum Chloroflexi, presenting 18 ~ 28 % of the community genomic DNA, was an 
uncultured bacteria belonging to the FS118-62B-02 family (Fig. 4.2). Known as ‘Green non-sulfur 
bacteria’ (Yamada & Sekiguchi, 2009), they appeared to be green filaments under a microscope, 
probably live phototrophically under the current bubbling and illumination culture conditions. 
Another typical primary producer is Cyanobacteria. Not just producing energy through oxygenic 
photosynthesis, but also playing an important role in nitrogen fixation for a biofilm community (De 
Los Ríos et al., 2007). There were two genera of Cyanobacteria presenting significant proportions of 
the biofilm community genomic DNA in this study. The higher proportion Cyanobacteria genus 
(4.6 %) was found to be of the same identical sequence as that of the chloroplast in a red seaweed 
species Porphyra yezoensis. The lower proportion Cyanobacteria (0.6 ~ 1.6 %) was an uncultured 
species in the genus of Acaryochloris (Fig. 4.2).  
 
There were also heterotrophic companions closely living with the photoautotrophs. The dominant 
heterotrophs included, aerobic bacteria: γ-Proteobacteria BD1-7 clade genus (25.4 ~ 34.4 %) 
(Ivanova & Mikhaĭlov, 2000); anaerobic bacteria: Treponema (19 %); obligate anaerobes: 
Clostridium (4.0 ~ 8.2 %), and an uncultured genus from the family of Ruminococcaceae (2.8 ~ 
3.3 %). The diversity of the community microbial trophic types indicated the microalgae biofilm had 
a complicated three-dimensional mat structure with both aerobic and anaerobic domains.  
 
Potential iodine accumulators were not found during a literature investigation on the above mentioned 
genera. However, from the sequencing results, it was noticed that there was a considerable amount 
(68) of genera identified under the α-sub-phylum of Proteobacteria. As reported by previous 
researchers, many species of α-Proteobacteria have the ability to oxidise iodide and produce organic 
iodine (Amachi et al., 2005b; Arakawa et al., 2012). These microbes can normally be obtained from 
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seawater and terrestrial brine water. Considering these facts, it was proposed that the α-
Proteobacteria sequenced in the current study, even with low community abundances, still played an 
important role on iodine accumulation within the biofilm community.  
 
 
 
Fig. 4. 2 Information of microalgae biofilm community structure on genus level 
 
4.1.2. Iodine assimilation concurrent with growth of microalgae   
 
The growth of the microalgae biofilm is shown in Fig. 4.3. In Fig. 4.3a, each data point is showing 
the mean value of biomass calculated from samples from 4 tubes of two reactors. In 8 weeks’ 
cultivation, there was significant growth of algal biomass. Gompertz model was selected in this study 
owing to its very good performance on goodness of fit and straightforward biological indication of 
model parameters. A good level of fit was obtained using the Gompertz model (R2 = 0.96). The 
maximum net algae growth rate was found to be 0.53 ± 0.05 g m-2 d-1. This is low compared to the 
biomass production rate (2.2 ~ 5.5 g m-2 d-1) for algal biofilm systems used in the field of wastewater 
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treatment (Christenson & Sims, 2011). However, such a low growth rate is comparable to that in some 
reported groundwater environments (0.02 ~ 0.2 g m-2 d-1) (Jarvie et al., 2002).  
 
As expected, a corresponding decrease in dissolved iodine concentration occurred with the growth of 
the biofilm. But interestingly, the results show that bioaccumulation (estimated based on the biomass 
growth and iodine content) only accounted for a small proportion of the iodide loss. The result 
indicates significant conversion of iodide to volatile iodine, which was subsequently stripped out. It 
has been reported that some microorganisms can promote oxidation of I- to I2 as well as the formation 
CH3I (Amachi, 2008a), both of which are volatile. But even without the help of microorganisms, the 
oxidation of I- into I2 is relatively fast while there is a presence of oxidative stress (Herranz et al., 
2009). This work shows that the loss of iodine via mass transfer can dominate any biological effects.  
 
 
 
 
 
 
a 
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Fig. 4. 3 Microalgae biofilm cultivation. 
a: growth of algae; b: dissolved iodide concentration; c: pH; d: nutrients. 
 
The influence of liquid-gas mass transfer on iodide concentration was studied in controls (without 
biofilm inoculation). As shown in Fig. 4.4a, compared with iodide content in a near zero mass transfer 
beaker, iodide concentration decreased in the trials with a mass transfer coefficient (kLa) of 33.6 d
-1, 
which was the same kLa as used to analyse the algae trials. A model predicted iodide content curve 
can be obtained, which included the iodine loss by algae assimilation and iodide oxidation (Fig. 4.4b). 
From the model predicted curve in Fig. 4.4b, it can be seen the predicted iodide loss via non-biological 
oxidation can present a considerable proportion. But the simulated summation of algae assimilated 
iodide and non-biological oxidised iodide still didn’t account for the total iodide loss during the 
biofilm cultivation. This could probably be owing to the errors during the detection, or the formation 
of the non-measured CH3I in some of the algae reactors. 
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Fig. 4. 4 Effect of gas-liquid mass transfer on iodide content. 
a: iodide content algae free groundwater, ( ) kLa = 0, ( ) kLa = 33.6 d
-1, (+) simulation lines based 
on the kLa values; b: model predicted iodine content in microalgae biofilm cultivation. (●) 
experimental values, (+) model fit 
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4.1.3. Iodine release concurrent with microalgae decay 
 
To investigate algae decay and associated iodine release, a microalgae biofilm (6 g L-1) was statically 
submerged in sealed beakers and placed in the dark. The anticipated amount of iodide expected to be 
released in solution as result of the dark incubations was around 2.10 ± 0.17 mg L-1 for 100 % release 
of intracellular iodine content of 350 ± 29 mg kg-1 (Table 4.1). From Fig. 4.5, it can be seen that the 
iodide concentration in the liquid phase was about 1.8 mg L-1 by day 36, indicating that more than 
85 % of the total iodine was released within 5 weeks. A good level of fit was achieved with the 
Gompertz model (R2 = 0.97). The maximum iodine release rate was 0.151 mg L-1 d-1, which was 
observed at around day 20. The release of iodine into water environment was studied in several 
macroalgae species (Chance et al., 2009; Kupper et al., 2008; Nitschke et al., 2013). These researchers 
indicated that under specific environmental stimulations (normally oxidative stress), iodine can be 
released in the form of iodide from macroalgae tissues into the extracellular environment within 
several hours. The mechanism considered in this work, namely algae decay, is quite different. 
 
In this study, it was found that iodine assimilation and release were proportional to biofilm growth 
and decomposition. An estimated maximum specific decay rate (0.12 ± 0.02 d-1) was obtained at 
around day 20. The rate is comparable to the reported specific decay rate of some microalgae species 
at high biomass concentration during dark treatment, e g. 1.72 g L-1 C. reinhardtii: 0.108 d-1; 2.05 g 
L-1 A. platensis: 0.04 d-1 (Le Borgne & Pruvost, 2013).  
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Fig. 4. 5  Iodine release during dark treatment. Solid line showing theoretical concentration if all I 
was released. 
 
4.1.4.  Simulation of long term algae growth causing problematic pond 
iodine level 
 
It has been reported that some macroalgae species can be important iodine pools because of their high 
intracellular iodine content and the potential for that iodine to be released in certain environmental 
conditions (Chance et al., 2009; Kupper et al., 2008; Nitschke et al., 2013). But there has been very 
limited research into microalgae significantly affecting the iodine level in aquatic systems.  
 
In the current study, many of the example ponds we tried to simulate are located in Queensland, 
Australia. The local weather records (26.5S 149.0E) near an actual groundwater treatment plant 
(Spring Gully, Queensland, Australia) indicated the site climate is normally drought with sufficient 
sunlight and daytime temperature > 20 oC (Weatherzone, 2015). Such climate characteristics could 
be beneficial for the accumulation of pond algal biomass. The hypothesis of this work is that 
microalgae can play a role in iodine cycling in terrestrial systems as the iodine content of the algal 
biomass can be significant. The microalgae biofilm cultivated in this work accumulated significant 
amounts of iodine (an iodine content of 379 mg kg-1 was found). The decay of that microalgae material 
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and associated iodine release could influence the iodine concentration in the liquid phase. In Section 
4.1.3, we observed significant decay when the microalgal biofilm experienced a continuous dark 
period. Similar event could possibly happen while there’s insufficient illumination in pond (e.g. 
continuous cloudy period). Two scenarios are considered: (i) a decay event after long term (1 year) 
algae growth, and (ii) a decay event causing the iodine concentration to be at problematic levels for 
the water to be used as a potable water supply. 
 
 
Scenario I: Decay after long term algae growth 
 
In this scenario, a continuous net growth (0.53 g m-2 d-1, measured from growth data, Fig. 4.3a) of the 
algae biofilm was assumed, followed by a decay event (decay rate of 0.12 d-1). Based on the 
observation from decay experiment, the decay event was assumed to last 20 days, decomposing 95% 
of the accumulated biomass. Fig. 4.6a shows that one year net growth results in the build-up of an 
organic iodine pool of 190 g in the 1 m2 × 1m pond. The pond iodine (as I-) concentration increases 
from 2.0 mg L-1 to 2.04 mg L-1 after decomposition of the algal biomass. Because the pond has high 
background iodine content (2.0 mg L-1), the elevation in iodine concentration (40 μg L-1) is relatively 
small.  
 
Scenario II: Decay causing iodine concentration to be problematic for generating potable water 
 
As indicated in the introduction, an iodide content of 2.5 mg L-1 can be problematic as a potable water 
supply if the groundwater is treated by a single stage RO process (NHMRC, 2011; Watson et al., 
2012). Model simulations shows that pond iodide content can reach up to 2.52 mg L-1 if a decay event 
occurs after a continuous 12 years of net growth of iodine rich algae (Fig. 4.6b). A sensitivity analysis 
was added in Appendix D showing the consequence causing problematic iodine level, while the 
model parameters at different levels. The results showed while there’s a higher level of algal growth 
rate, decay event, hydraulic retention time, and influent iodine content, shorter periods of 
accumulation could lead to problematic iodine concentrations.  
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Fig. 4. 6 Model simulation of a 1 m3 groundwater holding pond. 
a: decay event after 1 year net algae growth and iodine assimilation; 
b: decay event that causes problematic iodine level for one stage RO treatment 
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4.2. Stabilization of waste microalgae harvested from 
groundwater 
 
In Section 4.1, it was revealed that a type of microalgae biofilm from groundwater has the potential 
to be a significant organic iodine pool in groundwater pond systems. Here in Section 4.2, possible 
strategies to manage such microalgae were considered: converting the iodine-rich microalgae biofilm 
into a potential valuable fertilizer by a stabilization process.  
 
 
 
The mobilization of iodine during aerobic and anaerobic digestions is presented in my published 
paper. The paper is embedded in the thesis (Appendix C), and is supplemented with additional 
unpublished results. 
 
Han, W., Clarke, W., & Pratt, S. (2015) Stabilisation of microalgae: Iodine mobilisation under aerobic 
and anaerobic conditions. Bioresource technology, 193: 219-226. (Accepted) 
 
 
 
4.2.1. Organic matter degradation in aerobic and anaerobic 
stabilization  
 
Composting  
 
Composting experiments were firstly carried out to study the aerobic stabilization of the microalgae 
biofilm. It was assumed that stabilization was ultimately first-order, which allowed for the 
determination of the extent of degradation and carbon emission rate.  The carbon content detected in 
the microalgae biofilm was around 40 %. By the end of the composting period (after 50 days), about 
65 ± 3.9 % of the total carbon was emitted as CO2 for the group of washed algae (Fig. 4.7). The 
stability of an organic waste can normally be investigated by the values of a few indexes, e. g. oxygen 
uptake rate, carbon emission rate, NH4
+ / NO3
- ratio (Brinton, 2000; Cabañas-Vargas et al., 2005; 
Kalamdhad et al., 2008). According to Brinton (2000) study, ‘CO2 based C emission rate ranges from 
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2~8 mg g-1 VSadded d
-1’ indicates the waste ‘stable’. In the current composting, the final CO2 based C 
emission rate in the washed algae group was 0.93 (< 2) mg C g-1 VSadded d
-1, which means the compost 
is ‘very stable’ (Brinton, 2000). The carbon degradation in the unwashed algae composting was 
apparently inhibited, with only 4.0 % total emitted as CO2 by the end. Tang et al. (2010b) reported a 
salt content of around 50 mg NaCl g-1C can inhibit the composting of seaweeds. The unwashed algae 
in this study contained an initial salt content of 900 mg NaCl g-1C. Such a salt content was apparently 
too high, meaning the waste microalgae taken from the saline ponds cannot be directly degraded via 
composting.  
 
Kinetic analysis was applied to help estimate the degradation potential of waste microalgae under the 
current digestion conditions. Considering algae material consists of rapidly and slowly degradable 
components (Bai et al., 2014), a two-substrate model was applied in this study. The results show that 
the two-substrate model describes the process well (R2 = 0.999) when washed algae is used as the 
substrate for composting (C-CO2 emission data in Fig. 4.7). The model predicted a carbon emission 
potential of 290.5 mg g-1 VSadded for the washed algae composting process (Table 4.2). The measured 
value at the end of the composting trial was 262.2 mg g-1 VSadded, indicating most of the degradable 
substrates had been degraded. The differences between rapidly and slowly degradable substrates in 
the washed algae composting system were significant, as shown in Table 4.2. The hydrolysis rate 
constant of rapidly degradable substrates was one magnitude higher than that of slowly degradable 
substrates. The model fitting of C-CO2 emission in unwashed algae composting was not ideal (R
2 = 
0.855). This was probably owing to a more complicated degradation process under a strong inhibition 
by the salts. 
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Fig. 4. 7 CO2 production of waste microalgae composting 
( ) washed algae, ( ) unwashed algae, dotted line: two substrates degradation model fit. 
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Table 4. 2 Estimated kinetic parameters of biogas production using two-substrate model 
 Composting  Digestion  
 Washed  Unwashed  Aerobic  Anaerobic  
Parameters  CO2 CO2 CO2 CH4 CO2 
𝒀𝒊, 𝒓𝒂𝒑𝒊𝒅 (ml
 g-1 VSadded) 343.5 18.9 100.8 77.5 37.1 
𝒌𝒓𝒂𝒑𝒊𝒅 (d
-1) 0.221 0.189 0.0183 0.416 0.0942 
𝒀𝒊, 𝒔𝒍𝒐𝒘 (ml
 g-1 VSadded) 198.8 13.4 111.4 65.0 40.0 
𝒌𝒔𝒍𝒐𝒘 (d
-1) 0.0272 0.189 0.0183 0.0318 0.0102 
𝒀𝒊, 𝒔𝒍𝒐𝒘  / 𝒀𝒊, 𝒓𝒂𝒑𝒊𝒅 0.58 - - 0.84 1.08 
Overall maximum biogas yield 
  𝒀𝒊, 𝒎𝒂𝒙  (ml
 g-1 VSadded) 
542.2 32.4 212.2 142.5 77.1 
Overall maximum carbon 
emission  𝑬𝒎𝒂𝒙  (mg
 g-1 VSadded) 
290.5 17.3 103.9 69.8 37.8 
Measured carbon emission after 
stabilization  
(mg g-1 VSadded) 
262.2 12.9 87.6  69.6  31.2  
R2 0.999 0.855 0.983 0.997 0.999 
 
Digestion 
 
Algae (rinsed) were stabilized in both aerobic and anaerobic environments.  Carbon emission, shown 
in Fig. 4.8a, was used as a measure of stability. The kinetics differed but this was at least in part due 
to substantial differences in the substrate to inoculum ratios. By the end of the trials (after 100 days), 
about 50 % of the total CODadded of the algae was degraded (Tables 4.3 and 4.4). There was 21.9 ± 
5.0 % and 25.6 ± 1.9 % (mean value ± SD) of the total carbon emitted for the aerobic and anaerobic 
environments respectively. The calculated emission rates were 0.24 mg C g-1 VSadded d
-1 (day100) and 
0.10 mg C g-1 VSadded d
-1 (day105) for the aerobic and anaerobic processes respectively. These values 
also indicated that the digestion stabilised algae were ‘very stable’ by the end of the trials (Brinton, 
2000; Cabañas-Vargas et al., 2005; Kalamdhad et al., 2008). 
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Table 4. 3 Characteristics of initial materials used in the waste microalgae stabilization experiments (± SD)  
Process Group Phase Mass (g) 
I content 
(ppm) 
C (ppm) N* (ppm) P (ppm) Total COD L+S (mg) 
Aerobic 
Algae  
L 158.42 0.02 ± 0.00 0 6.89 ± 1.2 9.09 ± 0.96  
 2646 ± 243 
S 
a: 2.44 ± 0.24 
s: 0.17 ± 0.02 
a: 350 ± 50 
s: 14.3 
a: 374000  
s: 419000  
a: 65000 
s: 84000 
a: 6000  
s: 12000 
NC 
L 159.84 0.00 ± 0.00 0 8.28 ± 1.49  4.23 ± 1.24  
187.0 ± 0.94 
S s: 0.17 ± 0.02 s: 14.3 s: 419000 s: 84000 s: 12000 
Anaerobic 
Algae 
L 157.12 0.43 ± 0.03 0 304 ± 8.50 29.6 ± 3.71  
4127 ± 275 
S 
a: 2.42 ± 0.24 
s: 1.55 ± 0.07 
a: 350 ± 50 
s: 51.7 
a: 374000 
s: 358000 
a: 65000 
s: 57000 
a: 6000 
s: 20000 
NC 
L 158.53 0.30 ± 0.01 0 329 ± 7.10 26.8 ± 0.75  
1686 ± 33 
S s: 1.55 ± 0.07 s: 51.7 s: 358000 s: 57000 s: 20000 
NC: negative control; L: liquid phase;  S: solid phase, all values in solid phase are on a dry weight basis;  
*liquid phase nitrogen was the sum of nitrate-N and ammonium-N; a: values in algae; s: values in inoculum sludge 
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The results show that the two-substrate model fits the measured values of carbon emission and biogas 
production (Fig. 4.8a, b). In the aerobic digestion trials, the simulated hydrolysis rate constants of the 
rapidly and slowly degradable substrates appeared to be the same value (0.0183 d-1, Table 4.2). This 
was similar to that in the unwashed algae composting (krapid = kslow =0.189 d
-1, Table 4.2). The 
results indicated both rapidly and slowly degradable substrates had the same hydrolysis rate constants. 
In other words, under the tested conditions in the aerobic digestion and unwashed algae composting 
trials, there was no difference between the degradation speeds of substrates, which also means the 
consideration of two substrates model was not necessary for these trials. In composting of washed 
algae and anaerobic digestion, the ratio of degradation potential between slow and rapid degradable 
algal components was calculated by the proportion of gas yield potential of both components (Table 
4.2). Such a value could indicate the relative speed for organic waste degradation. Bai (2015) study 
showed that the larger the ratio is, the longer the time for algae to start degradation. It was also found 
in the study that some mixed microalgae biomass without pre-treatment had a similar  
𝑌𝐶𝐻4, 𝑠𝑙𝑜𝑤  / 𝑌𝐶𝐻4, 𝑟𝑎𝑝𝑖𝑑  ratio (around 0.80) to the value in the anaerobic trials of current study (Bai, 
2015). 
 
In anaerobic stabilization, most predicted hydrolysis rate constants ( 𝑘𝑟𝑎𝑝𝑖𝑑 (CH4),  𝑘𝑠𝑙𝑜𝑤 (CH4), 
𝑘𝑟𝑎𝑝𝑖𝑑(CO2)) were higher than that in aerobic stabilization (Table 4.2). The value of Emax, based on the 
yield parameters (Table 4.2) that gave the best fit of the two substrate model to the carbon emission 
data, the overall maximum carbon emission, was 103.9 and 106.6 mg g-1 VSadded in aerobic and 
anaerobic stabilizations respectively. The measured extent of carbon emission was 87.6 mg g-1 VSadded 
(aerobic) after 100 days and 100.9 mg g-1 VSadded (anaerobic) after 105 days. These numbers show 
most of the degradable substrates under current conditions were degraded within 100 days.  
 
The methane production during anaerobic stabilization was 140 ± 10 ml g-1 VSadded or 130 ± 10 ml g
-
1 CODadded (Fig. 4.8b). This yield was similar to some reported values for algae material that was 
stabilized anaerobically without pre-treatment (Allen et al., 2013; Nkemka & Murto, 2010). Carbon 
mass balance showed 172 ± 9.2 mg g-1 VSadded (aerobic) and 182 ± 12 mg g
-1 VSadded (anaerobic) 
carbon remained in solid phase after degradation, which indicated 54 ± 7.3 % (aerobic) and 52 ± 3.7 % 
(anaerobic) carbon was mobilized (Fig. 4.8c). 
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Fig. 4. 8 Tracking carbon through waste microalgae digestion processes. 
‘Final’ refers to the final sample point, after 100 days of stabilization. a: carbon emission during 
aerobic and anaerobic stabilization, ( ) aerobic, ( ) anaerobic; b: biogas production in anaerobic 
stabilization, (×) CH4, ( ) CO2; dotted line: two substrates degradation model fit; c : carbon mass 
balance, ( ) solid phase, ( ) gas phase, ( ) liquid phase. 
 
4.2.2. Mobilization of iodine and other intracellular components  
 
Iodine  
 
To examine the potential of using waste microalgae as an algae iodine fertilizer, it is important to 
understand the mobilization of iodine during stabilization. From Fig. 4.9, it can be seen that by the 
end of the trials, the degradation of the microalgae contributed an increased liquid phase total iodine 
level of 0.56 ± 0.14 mg L-1 g-1 VSadded in the aerobic environment and 1.26 ± 0.19 mg L
-1 g-1 VSadded 
in the anaerobic environment (Fig. 4.9a).  
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Fig. 4. 9 Mobilization of iodine in waste microalgae stabilization. 
a: net total iodine (as I-) in liquid phase during aerobic and anaerobic stabilization, ( ) aerobic, ( ) 
anaerobic;; b: mass balance analysis of iodine before and after stablization, ( ) liquid phase, ( ) 
solid phase; c: linear correlation of net total iodine (as I-) in liquid and net emitted carbon during 
aerobic and anaerobic stabilization of waste microalgae, ( ) aerobic, ( ) anaerobic. 
 
The initial iodine content of the microalgae for both the aerobic and anaerobic stabilizations was 
similar (0.35 ± 0.05 mg g-1 VSadded) (Fig. 4.9b). At the end of the stabilizations, 0.22 ± 0.05 mg g
-1 
VSadded iodine remained in the solid phase in the aerobic environment while 0.19 ± 0.01 mg g
-1 VSadded 
iodine remained in the solid phase in the anaerobic environment (Fig. 4.9b). Normalised to 
degradation as measured by carbon emission, iodine mobilization in the aerobic environment (38 ± 
5.0 %) was less than in the anaerobic environment (50 ± 8.6 %). Considering the degree of mobilized 
carbon was similar in both processes (around 50 %, Fig. 4.8c), the results indicate iodine in waste 
microalgae is less readily mobilized during an aerobic stabilization. 
 
There was a strong linear correlation between the liquid phase iodine content and the emitted carbon 
in both enviroments (aerobic: R2 = 0.9901; anaerobic: R2 = 0.9914) (Fig. 4.9c). Such a phenomenon 
indicated elemental iodine in waste microalgae was probably covalently bound to organic compounds 
rather than stored in the form of iodide. The latter had been reported in a few macroalgae species. 
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From those macroalgae cells, the stored iodide can be released into the extracellular environment 
within very short time (several hours) under specific environmental stimulations (normally oxidative 
stress) (Chance et al., 2009; Kupper et al., 2008; Nitschke et al., 2013). Iodide can be rapidly 
consumed by ambient O3, O2
-, 1O2, and OH
•, mitigating of the direct attack of these strong oxidisers 
on macroalgae protoplasts (Kupper et al., 2013; Kupper et al., 2008). Organically bound iodine was 
reported to be produced by many living organisms and widely existing in terrestrial water systems 
(Gilfedder et al., 2008; Gribble, 2003; Li et al., 2013). There is a lack of studies clearly revealing the 
reasons for the production and release of organoiodine in algae. Such compounds could be released 
along with algal biomass decomposition without a doubt. A possible driver for the release of 
organoiodine from living algae was raised by Karlsson et al. (2008) who suggested it could be for 
anti-bacterial purposes. Dehalogenation during the degradation of organic halocompounds can be an 
important process that causes release of halides (van Pée & Unversucht, 2003). A possible reason to 
explain the lower level of iodine mobilization in aerobic stabilization than that in anaerobic 
stabilization may be the mechanisms of dehalogenation are different under aerobic and anaerobic 
conditions. There are researchers who have demonstrated that microbial catalyzed dehalogenations 
under aerobic conditions are usually more complicated and dependent on the level of NADH, while 
under anaerobic conditions an organic halocompound can serve as a terminal electron acceptor to 
form up a halo-respiration chain (van Pée & Unversucht, 2003). 
 
Nitrogen 
 
It is important to consider the mobilization of nutrients if the stabilization products are to be used as 
organic fertilizers. Liquid phase nitrogen was present as nitrate (NO3
-) in aerobic conditions and as 
ammonium (NH4
+) in anaerobic conditions (Fig. 4.10a, b).  
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Fig. 4. 10 Nitrogen in liquid phase during waste microalgae digestion. 
a: nitrogen as nitrate; b: nitrogen as ammonia, ( ) aerobic algae, ( ) anaerobic algae; negative 
values indicated the data lower than control value. c: linear correlation of net released inorganic N 
in liquid and net carbon emission during aerobic and anaerobic stabilization of WAB, ( ) aerobic, 
( ) anaerobic; d: mass balance analysis of nitrogen before and after stablization, ( ) liquid phase, 
( ) solid phase. 
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During stabilization, decomposition of protein results in the release of ammonia. In the aerobic 
environment the mobilized ammonia is oxidized to NO3
−, which reduces pH  (Hamoda & 
Ganczarczyk, 1980). The average pH in the aerobic environment was 6.8 at the start, with the pH 
eventually lower than 4. This was likely in part due to nitrification and the consumption of alkalinity. 
By the end of the stabilization, NO3
−-N concentrations were 85.2 ± 10.7 and 0.94 ± 0.09 mg L-1 g-1 
VSadded in aerobic and anaerobic process, respectively (Fig. 4.10a), while NH4
+-N concentrations were 
9.05 ± 6.17 mg L-1 g-1 VSadded  (aerobic) and 162 ± 1.60 mg L
-1 g-1 VSadded (anaerobic) (Fig. 4.10b). 
As was the case for iodine, a linear correlation between nitrogen mobilization and degradation (based 
on carbon emission) was found in both environments (Fig. 4.10c). Normally such a linear relationship 
can be found if the nitrogen is released from organic nitrogen compounds (Motta & Maggiore, 2013; 
Xu et al., 2011). The measured end point nitrogen in the solid phase was 34.6 ± 4.94 mg g-1 VSadded 
(aerobic) and 31.7 ± 1.23 mg g-1 VSadded (anaerobic) (Fig. 4.10d), meaning similar levels of nitrogen 
mobilization in the aerobic (47 ± 2.2 %) and anaerobic (51 ± 5.4 %) environments. Taking the findings 
on iodine into account (Fig. 4.9), the results indicate iodine and nitrogen may be stored in different 
degradable compounds in the waste microalgae. Some pools of iodine (not associated with N) were 
less targeted in the aerobic environment.  
 
Phosphorous 
 
Phosphorus was mobilized under both aerobic and anaerobic conditions (Fig. 4.11a). However, due 
to the relatively low P content in the material, P mobilization was difficult to monitor through the 
stabilizations. The results showed a net increased PO4
3--P concentration of 7.41 ± 9.88 mg L-1 g-1 
VSadded at the end of aerobic digestion and 5.76 ± 8.64 mg L
-1 g-1 VSadded at the end of anaerobic 
digestion (Fig. 4.11a). Considering the large standard deviations, a significant difference between 
aerobic and anaerobic stabilizations could not be determined. Still, the phosphorus content in the 
stabilized material could be estimated as 4.37 ± 1.61 mg g-1 VSadded (aerobic) and 5.33 ± 2.20 mg g
-1 
VSadded (anaerobic) (Fig. 4.11b). 
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Fig. 4. 11 Phosphorus in liquid phase during stablization. 
a: phosphorus as phosphate; ( ) aerobic algae, ( ) anaerobic algae; negative values indicated the 
data lower than control value. b: mass balance of phosphorus beore and after stabilization, ( ) 
liquid phase, ( ) solid phase. 
 
 Page 66 
 
Metals and metalloids 
 
Another important aspect that affects the quality of stabilization products is the mobilization of metal 
and metalloids. The concentration time course of some concerned potential contaminants (B, Cu, Ni, 
Zn) (Australian Standard, 2012) was quantified as shown in Fig. 4.12. It was noticed for B, Cu, and 
Zn, there were almost no changes in their concentrations during the anaerobic digestion process (Fig. 
4.12a, b, c). For Ni, the concentration in algae group was significantly lower than that in control, 
which might indicate the addition of algae was good for Ni precipitation in an anaerobic sludge matrix 
(negative control) (Fig. 4.12d). Compared with the cases in iodine and nitrogen, an aerobic 
degradation process seemed to be more helpful for the mobilization of these metal and metalloid 
contaminants.  
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Fig. 4. 12 Mobilization of metal and metalloids in waste microalgae stabilization. 
Negative values indicated the data lower than control value. ( ) aerobic, ( ) anaerobic. 
 
The significant mobilization of metal and metalloids in aerobic digestion were possibly owing to the 
dissolution of sulphur and an acidic pH. As shown in Fig. 4.13, significant soluble sulphur was 
observed, along with a decrease of pH under aerobic conditions. At the same time, the values of these 
two parameters changed very little in anaerobic digestion. Normally in anaerobic digestions, sulphur 
is reduced to sulphide. The sulphide can be emitted via hydrogen sulphide (Nghiem et al., 2014), or 
settled as metal sulphide precipitations (Guo et al., 2012). Under aerobic conditions, sulphur can be 
easily oxidized to sulphate. Especially if there’s an existence of sulphur oxidizing bacteria, even metal 
sulphides can be easily oxidized (Lee & Pandey, 2012), causing metal mobilization and acid 
production. Sometimes the pH value can drop to a very low level (1.0) if such microorganisms 
become dominant in a bioreactor (Krebs et al., 2001; Olson & Clark, 2008). 
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Fig. 4. 13 Sulphur and pH during waste microalgae stabilization. 
Negative values indicated the data lower than control value. ( ) aerobic, ( ) anaerobic. 
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4.2.3. Quality of stabilization products 
 
Characteristics of the stabilized algae are shown in Table 4.4. As indicated before, there were about 
0.35 mg g-1 VSadded iodine in the initial waste microalgae. And the aerobic and anaerobic stabilized 
solids had 0.22 ± 0.05 mg and 0.19 ± 0.01 mg g-1 VSadded iodine retained respectively.  The iodine 
content in aerobically stabilized solids (436.9 ± 92.4 mg kg-1) was higher than that in anaerobically 
stabilized solids (215.8 ± 17.2 mg kg-1).  This was mainly because of the dilution effect by a higher 
amount of sludge inoculation at the beginning of anaerobic digestion.  
 
For a potential application to soil, application dose of such iodine-rich stabilized products is one of 
the most important factors. Iodine content in plants has been shown to be positively correlated to soil-
iodine content (Weng et al., 2014), but excessive iodine in soil can be harmful. For example, with 
soil-iodine content at 150, 140, and 180 mg kg-1 for cucumber, aubergine, and radish, respectively, 
adverse effects could occur and kill the plants at the seedling stage (Weng et al., 2008). Another 
aspect is the fertilization efficiency. Weng et al. (2008) indicated the ability of soil to conserve iodine 
is limited: while iodine content in soil was above 50 mg kg-1, more than half of the added iodine 
would be lost via leaching and evaporation.  
 
The contents of some metals and metalloids in the final stabilized solids were compared with the 
guideline values in Australian standard as shown in Table 4.5. For aerobically stabilized algae, the 
contents of all the concerned elements (As, B, Cd, Cr, Cu, Ni, Pb, Se, Zn) were below the unrestricted 
use upper limits (UUUL) from Australian standards (Australian Standard, 2012), which indicates the 
solids can be used without concern. For anaerobically stabilized solids, the general metal contents 
were higher than that in aerobic stabilized solids (Table 4.5). This was probably owing to sulphide 
being relatively stable in anaerobic conditions leading to metal ion precipitation. For the anaerobically 
stabilized algae, the contents of B, Cu, Se, and Zn were higher than the UUUL from Australian 
standards (Australian Standard, 2012). For further use as fertilizer, an aerobic composting treatment 
is probably in need for the anaerobically stabilized algae, as its exposure to air can cause the oxidation 
of sulphides into sulphate which lead to heavy metal release and soil acidification. It is also 
recommended an addition of bulking agent before the anaerobically stabilized solids applied to land 
with elevated values of these potential contaminants.
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Table 4. 4 Characteristics of final stabilization products  
Process Group  Phase Mass (g) I content (ppm) C (ppm) N* (ppm) P (ppm) Total COD L+S (mg) 
Aerobic 
Algae 
L 158.6  1.37 ± 0.33 ND 273 ± 41.5  45.9 ± 25.0  
1264 ± 126  
S 1.20 ±0.04*  436.9 ± 92.4 
349800  
± 15700 
59300  
± 6100 
8900  
± 3200  
 
NC 
L 159.9 0.01 ± 0.00 ND 70.3 ± 0.70 20.3 ± 0.44  
 83 ± 11  
S 0.05 ± 0.02 ND 
357700  
± 15600 
46000  
± 9900  
 ND   
 
Anaerobic  
 
Algae 
L 157.41 3.05 ± 0.45 ND 992 ± 3.90  90.2 ± 43.8  
2102 ± 386  
S 2.27 ± 0.12  215.8 ± 17.2  
362600  
± 8600 
57100  
± 2000  
15300  
± 2100  
 
NC 
L 158.70 0.45 ± 0.00 ND 596 ± 6.03 84.6 ± 6.23 
1340 ± 17   
S 1.03 ± 0.01 37.6 ± 1.1 
370800  
± 7800  
51400  
± 3900  
21100  
± 500  
NC: negative control; ND: non detection 
L: liquid phase;  S: solid phase, all values in solid phase are on a dry weight basis;  
*liquid phase nitrogen was the sum of nitrate-N and ammonium-N 
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Table 4. 5 Contents of other elements in final stabilized solids 
 As B  Cd Cr  Cu  Ni Pb S Se Zn 
 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
           
Aerobic 0.2 32.8 0.0 6.2 99.6 4.0 28.5 4360.5 1.5 37.3 
 ± 0.2 ± 7.5 ± 0.0 ± 0.4 ± 24.0 ± 0.4 ± 5.4 ± 158.9 ± 2.5 ± 3.3 
           
Anaerobic 0.0 410.6 0.5 34.7 432.5 23.0 68.8 12303.8 5.9 633.8 
 ± 0.0 ± 25.5 ± 0.2 ± 0.5 ± 12.1 ± 1.1 ± 6.3 ± 519.1 ± 4.5 ± 28.2 
           
UUUL 20 100 1 100 150 60 150 ̶ 5 300 
           
UUUL: Unrestricted use upper limits from Australian standards (Australian Standard, 2012) 
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Chapter 5 
Conclusions and Recommendations 
for future research 
 
5.1. Conclusions 
 
5.1.1. Objective I - Understand the role that microalgae play in iodine 
cycling in engineered groundwater holding ponds  
 
This study is the first report revealing microalgae biofilm has the potential to be an important 
biological iodine pool. They can contribute significant iodine flux in a terrestrial aquatic environment. 
Iodine content in the microalgae biofilm (350 ± 29 mg kg-1) was significantly higher than that in 
suspended microalgae (18 ± 9 mg kg-1). The iodine content in the biofilm was similar to that reported 
in other studies on seaweed species. The results of 18S amplicon pyrotag sequencing showed that 
there were potential iodine-accumulators present and they were a considerable proportion of the 
biofilm community. While the current work focuses on iodine, similar accumulating behaviour is 
possible for other elements (nutrients like phosphorus (P) and possibly other halogens like Bromine 
(Br)). 
 
The retention of sloughed biofilm or the sudden decay of biofilm can lead to changes in iodine 
concentrations in the liquid phase.  This has direct consequences for the systems studied here. In a 
modelled groundwater treatment facility (Fig. 5.1): 1 m3 (1m × 1m × 1m) water holding pond, 2 mg 
L-1 iodide in pond, 25 days water retention time (40 L d-1 in and out, 0 evaporation), 1 : 3 re/flux ratio 
RO, 85 % rejection rate for iodide, with the algal parameters obtained from cultivation and release 
experiments, pond iodide content can reach a problematic level (2.52 mg L-1) if a decay event occurs 
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after a continuous 12-year-period of net growth of iodine rich algae (Fig. 5.1). The decay event 
identified could possibly happen during some continuous cloudy weather when the net algal growth 
is restricted by insufficient illumination.  
 
Moreover, problematic levels of iodine could be an indication of elevated levels of other elements, 
accumulated and then released during decay events. For example, the problematic limitation levels 
of some bromine derivatives could be one or two orders of magnitudes lower than that of iodide 
(NHMRC, 2011). And the relative abundance of bromine could be higher than iodine in groundwater 
(Simpson, 2013). To understand the risk, pond managers need to consider bromine and other elements 
in the biological pool. In summary, non-steady state conditions related to biological accumulation 
and release could cause significant water quality consequences in natural aquatic systems as well as 
engineered groundwater pond systems. 
 
 
5.1.2. Objective II - Provide potential stabilization strategies for 
managing waste microalgae 
 
If microalgae were harvested from a groundwater holding pond, the risk of problematic iodine levels 
in the pond by non-steady state growth and decay conditions can be lowered (Fig. 5.2). After that, 
stabilization treatment will be essential for managing the wasted algae. 
 
To compare different stabilization strategies, in this study, composting, aerobic digestion, and 
anaerobic digestion were all demonstrated to be effective means of stabilising waste microalgae. 
However, an obvious inhibition by salinity was observed in composting, evident by performing 
composting trials on washed and unwashed algae. The degradation of similarly prepared algae 
material could proceed smoothly in aerobic and anaerobic digestion processes probably due to the 
dilution by fresh water. Dilution for digestion, which is a wet process, is more feasible than for 
composting, which is a relatively dry process.   
 
This thesis provided the first investigation on the mobilization of iodine during microalgae 
stabilization. For iodine mobilization, it was found that significant amounts of iodine were retained 
by the solids during both aerobic and anaerobic stabilizations. The loss of iodine, from the algal solids, 
was higher in anaerobic condition than that in aerobic condition. Iodine mobilization in both 
environments was linearly correlated to the carbon emission, suggesting the iodine in the microalgae 
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biofilm was present as organoiodine. The mobilization of nitrogen and phosphorous under aerobic 
and anaerobic conditions was not significantly different.  
 
A summary of the treatment routes for the harvested algae is as follows: algal composts were very 
stable with a higher degree of organic matter degradation; aerobic digestion residues were of higher 
iodine content and lower heavy metals; lower proportions of iodine were retained in anaerobic 
digestion residues, but higher proportions of heavy metals were retained in the residues compared to 
the aerobic processes.  The anaerobic process was also attractive because of bioenergy recovery. 
 
In summary, positive results have been obtained during the study on waste microalgae stabilization. 
Further studies on optimising the proposed stabilization processes will be needed to provide more 
referable information for groundwater engineering pond managers.  
 
 
 Page 76 
 
 
Fig. 5. 1 Potential elevated iodine consequence caused by long term continuous growth of microalgae biofilm in a groundwater holding pond 
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Fig. 5. 2 Managing waste microalgae harvested from groundwater holding pond 
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5.2. Recommendations for future research  
 
In this project, microalgae biofilm was revealed as a potential iodine cycler in the water environment. 
The work in this thesis was the first attempt to investigate the mobilization of iodine in the waste 
algae stabilization process, with the motivation to develop an iodine-rich fertilizer for biofortification. 
In future, for deepening the study, the following aspects can be considered.  
 
Pioneering study on microalgae biofilm iodine accumulation 
 
It will be interesting to explore more detailed information about the presence of iodine in the 
microalgae biofilm. So far, people have found that 80 % of iodine in kelp is present in the form of 
iodide (Kupper et al., 2008). But there is a lack of studies concerning the presence of iodine in other 
species of algal biomass. During the study of iodine mobilization in stabilization, iodine was proposed 
to be present as organoiodine in the microalgae biofilm. These organoiodine compounds should be 
identified. The knowledge of the organoiodine compounds may bring further questions to the table. 
For example, where do these compounds exist in the cells? What species of microorganisms are the 
main iodine accumulators in the mixed microalgae biofilm community? What mechanisms could 
promote these microorganisms to accumulate iodine in the biofilm? To find the answer to these 
questions will be helpful to build up new knowledge on elemental iodine metabolism in complex 
microbial community. To identify the microbes that accumulate iodine, and understand the 
mechanisms of iodine accumulation, could lead to new technologies for enriching elemental iodine 
in specific microbial biomass. Making clear the location of I on cell level could have benefits for the 
selection of pre-treatment technologies prior to the stabilization. 
 
Comprehensive model simulation to enhance groundwater engineering pond management 
 
For a better management of water quality in groundwater engineering ponds, more comprehensive 
understanding of potential consequences caused by non-steady state biological events will be 
meaningful. Take elemental iodine for example, multi environmental factors can be taken into 
account during a model simulation of a groundwater pond. For example, some physicochemical non-
steady state conditions (e.g. evaporation, elevated iodine level in source water) can also increase the 
iodine concentration in pond, which would increase the potential of reaching problematic iodine 
levels in the pond when combined with high rate biological decay events.  
 
 Page 79 
 
A case study can be carried out by collecting long term on-site data to validate the model. Meanwhile, 
similar work can be conducted on other potential contaminants in pond (e.g. Br, P and heavy metals).   
  
Optimization of stabilization process for algae iodine fertilizer  
 
To enhance the value of the stabilized microalgae as an iodine-rich fertilizer, process optimization 
can be carried out. As proposed previously, the iodine in the microalgae biofilm was probably 
organoiodine. The mobilization of iodine into liquid phase appeared to be linearly correlated to carbon 
emission (organic matter degradation) during the stabilization. Aerobic condition seemed to be more 
beneficial to keep the organoiodine remained in the solid residues. To figure out the mechanism of 
such phenomenon will be helpful to develop better stabilization conditions to achieve higher iodine 
retention but lower organic matter degree in the stabilized microalgae. It may even be possible to 
increase the retention of iodine in anaerobic stabilized microalgae while recovering considerable 
amount of bioenergy at the same time.  
 
Also, heavy metals seemed to be an issue for anaerobic stabilization solid residues. To improve the 
set-up for a lower heavy content in the final stabilization products will be practical. On the other hand, 
to demonstrate the fertilizer effect, plant growth tests are in need to use the stabilized microalgae, 
even the digestion liquid, as fertilizer. The effect on elevating iodine content in eatable plant matter 
can be compared with other source of iodine fertilizer.  
 
To summarise, the accumulation of elemental iodine in microalgae biofilm is an interesting 
phenomenon. Deepening the understanding about this phenomenon will be helpful to better manage 
the potential risk of these ponds to the downstream environment. Further exploration on waste 
microalgae stabilization can increase the feasibility of managing these wastes for potential beneficial 
re-use. 
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Appendix A: Paper 1 - Composting of waste algae: A review 
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Appendix B: Paper 2 - Cycling of iodine by microalgae: iodine uptake and release 
by a microalgae biofilm in a groundwater holding pond 
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Appendix C: Paper 3 - Stabilization of microalgae: iodine mobilization under 
aerobic and anaerobic conditions  
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Appendix D: Sensitivity analysis of model parameters in 1m2 × 1m demo pond (causing problematic iodine level) 
 
 
I. Sensitivity of hydraulic residence time (HRT) at 100% net grow rateα and 100% specific decay rateβ in decay event: (○) 25 days HRT; (×) 50 days HRT. 
                  α: net growth rate 0.53 g m-2 d-1.  
                  β: 0.12 d-1 specific decay rate lasted 20 days and decomposed more than 95% of microalgae biofilm in pond. 
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II. Sensitivity of net growth rate at 100% specific decay rate in decay event: (×) 150% net grow rate; (○) 100% net grow rate; (Δ) 50% net grow rate. 
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III. Sensitivity of decay event at 100% net growth rate: (×) 150% specific decay rate; (○) 100% specific decay rate; (Δ) 50% specific decay rate. 
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IV. Sensitivity of influent iodide concentration at 100% net grow rate and 100% specific decay rate in decay event: (×) 2.2 mg L-1; (○) 2.0 mg L-1; (Δ) 1.8 mg L-1. 
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V. Sensitivity of algal iodine content at 100% net grow rate and 100% specific decay rate in decay event: (○) 379 mg kg-1; (Δ) 320 mg kg-1. 
 
